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FOREWORD 


This  report  covers  work  performed  under  RADC  Discretionary  Fund  Project 
DE-65-10,  entitled:  ''Reliability  Evaluation  Techniques  for  Integrated  Circuits." 

The  author  wishes  to  thank  Mr.  Gerald  G.  Sweet  who  prepared  the  integrated  cir¬ 
cuit  package  metallurgical  cross  sections  and  photographs,  and  Messrs.  John  F. 
Carroll,  Jack  S.  Smith,  and  Vincent  C.  Kapfer  for  technical  discussions  related  to  the 
theoretical  gas  flow  analysis  presented  in  the  report. 

This  report  has  been  reviewed  and  is  approved. 
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packagoiJr™!; ‘h.T*"58'  *  °°mpflati°p  -  applicable 
ground  necessary  to  evaluate  inteSed  f  re’“lred  theoretical  Add  flow  back- 
basic  types  of  integrated  clreub  nsnt-l  c*roul*  package  integrity,  are  presented.  The 

defects  in  package  construction  and  l,etmettoeseahCng^chrn<!lth£!  “ff33'8  p,aoed  on 
package  integrity.  A  general  deceHnH  r  *  G  !  g, *  chmques  which  can  influence 
their  inherent  Itoitatiol  wL„  a,,H  '  a°,  S' tandard  he™e*ioity  tests  is  given,  and 
rates,  are  discussed.  The  helium  leak  “te*rated  circult  P**»*e  look 

package  leak  rate  measurements  (dv/dt  std  e./o!/1  ^  3"d  *fSt  proeedure3  tor 
review  and  analysis  of  th» dlZU,, , i \ ^ 2/sec' 1  ars  described-  A  oomplete 
given.  The  Smet^de„oo Zr^XZ*^  ??  ibm  ra*e  ^a,lo"s  « 

applied  to  the  hel L  ,Z  JL  jLZ 1“  °n  the  8yslem  are  deri’'ad  aad 

m, nation  of  oquival.  t ^hoL  dtaeters  h,  T-  .?*  a"a,y8iS  inc,u<tes  a  detallad  deter- 
importance  of ^obtltog  a  hermeUoaflv^  Zl?  t  “  PaCkage  ,eak  ra,e-  Tha 

circuit  reliability  is  then  discussed.  '  PaCkage  with  reference  to  integrated 

flow  me'  ZTnoZZl  ^teTJZT'^  Z  derivatl°”  °f  the  '“-nio.ecular 
law  allows  a  detorminZTof  £ Son !Z„ ^  gaS  ^  rata 
points  within  a  * 

flow  rate  has  been  implied  in  th»  n*»  L  c>“narical  tube.  This  variation  in  molecular 

dN/dt  on  the  radial  Us  ance  from  tt  ^re:  T^'  ‘he  fUnct,onal  ^penitence  of 
termined.  r°m  1,16  Iube  3X15  has  «*  Previously  been  explicitly  de- 
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SECTION  I 

INTRODUCTION 


Extensive  research  in  the  field  of  semiconductor  surfaces  by  both  the  semicon¬ 
ductor  industry  and  Government-sponsored  programs  2, 3, 4,  o,  6, 7, 8, 9)  aas  re_ 
suited  in  the  realization  that  surface  effects  determine,  to  a  large  extent,  the 
electrical  characteristics  of  p-n  junctions.  Current  silicon  junction  devices  and  inte¬ 
grated  circuits  are  fabricated  almost  exclusively  using  planar  technology,  i.  e. ,  oxide 
passivated  diffused  junction  structures,  resulting  in  a  significant  improvement  in 
device  reliability.  In  addition,  these  transistor  structures,  fabricated  using  the 
epitaxial-planar  process,  exhibit  extremely  low- junction  leakage  currents,  have  im¬ 
proved  noise  figure,  d-c  characteristics,  voltage  and  power  dissipation  ratings,  low- 
current  and  high-frequency  gain  characteristics,  and  switching  speed  when  compared 
with  earlier  transistor  structures. 

Although  a  significant  improvement  in  device  performance  has  been  achieved 
utilizing  the  planar  technology,  it  has  been  shown  that  degradation  of  p-n  junction 
reverse  current-voltage  characteristics  and  transistor  grounded-emitter  current  gain 
(/3)  characteristics  can  result  from  inversion  layer  formation,  where  the  typical  failure 
modes  observed  are  an  increase  (Ir  >  Ir  max  specification)  in  reverse  leakage  cur¬ 
rent,  and  a  reduction  in  ft  (/3  <  j3  mjn  specification),  respectively.  Various  mechanisms 
have  been  Identified  (10)  which  cause  semiconductor  surface  inversion  layers  including: 

(1)  a  fixed  positive  surface  state  charge  at  the  oxide-silicon  interface  of  an  uncon¬ 
taminated  thermal  oxide;  (2)  alkali  ion  contamination  within  the  silicon  dioxide  which 
can  migrate  and  redistribute  at  elevated  temperatures;  (3)  a  positive  space-charge 
within  the  oxide  due  to  exposure  to  ionizing  radiation;  (4)  ionic  charge  on  the  surface 
of  the  oxide  i.  e.  ionic  contamination  in  a  package  where  there  exists  a  given  level  in 
parts  per  million  (ppm)  of  moisture  content  which  increases  the  mobility  of  the  con¬ 
taminant  in  the  presence  of  an  electric  field;  and  (5)  a  strong  electric  field  produced 
by  a  voltage  applied  to  a  metal  field  plate  on  the  oxide  surface  over  the  silicon. 

Field-induced  junctions,  (FIJ),  and  surface  charge  migration  on  the  oxide  surface 
using  gated  diode  structures  have  been  investigated  by  Fairchild  Semiconductor,  in 
work  sponsored  by  the  Rome  Air  Development  Center  under  contract  AF  30(602)-3776. 
They  have  demonstrated  the  conditions  required  to  induce  surface  depletion  and  inversion 
(field-induced  junction)  and  the  relationship  between  the  rate  of  depletion  or  inversion 
layer  growth  due  to  ion  migration  and  the  sheet  resistivity  of  the  oxide  surface.  Further, 
Grove  and  Fitzgerald,  (10)  using  a  gated  diode  structure,  have  demonstrated  the  con¬ 
ditions  required  to  generate  large  channel  currents. 
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The  discrete  elements  (that  is,  resistors,  capacitors,  diodes,  and  transistors) 
comprising  a  monolithic  integrated  circuit  are  interconnected  using  a  metallization 
pattern  consisting  of  conducting  lands  or  strips  of  aluminum  or  molybdenum-gold 
deposited  on  the  oxide  surface.  The  connections  to  discrete  elements  are  made  by 
metallic  deposition  through  etched  oxide  windows  and  subsequent  alloying.  The  metallic 
lands  of  the  interconnect  pattern  on  the  oxide  surface  cross  directly  over  junctions  and 
discontinuities  in  the  oxide  thickness.  Thus,  the  possible  formation  of  field-induced 
junctions  (surface  inversion  or  depletion)  in  integrated  circuits  is  readily  apparent  with 
an  applied  potential  to  the  metallic  lands.  In  addition,  since  the  oxide  sheet  resistivity, 
which  governs  the  rate  of  inversion  layer  growth  away  from  the  land,  is  a  function  of 
the  moisture  content  and  contamination  within  the  package,  the  importance  of  minimizing 
moisture  content  is  evident.  The  presence  of  several  parts  per  million  water  content 
will  reduce  the  oxide  sheet  resistivity,  thereby  increasing  the  rate  of  inversion  layer 
growth. 


Results  of  the  Minuteman  II  Reliability  Program,  where  all  integrated  circuit 
devices  were  subjected  to  hermeticity  tests  with  a  specified  maximum  allowable  leak 
rate  of  5X1 0-^  std.  cc. /sec. ,  have  shown  that  surface- inversion  type  failures  con¬ 
tributed  significantly  to  the  over- all  device  failure  rate,  and  that  a  100  per  cent  power 
burn-in  screen  was  both  necessary  and  effective  in  reducing  integrated  circuit  surface 
inversion  failures.  Results  of  the  Component  Quality  Assurance  Program  (CQAP)  under 
the  Minuteman  n  Program,  where  reliability  tests  were  designed  to  accelerate  specific 
failure  mechanisms  and  generate  device  failures,  have  shown  that  surface  inversion  is 
one  of  the  dominant  failure  mechanisms  observed  in  integrated  circuit  devises. 

Semiconductor  surface- inversion  is  observed  in  integrated  circuits  during  relia¬ 
bility  stress  testing  even  after  passing  hermeticity  tests.  These  tests  indicate  the 
presence  of  ionic  contamination  and  moisture  content  within  the  package  after  final  seal 
or  bulk  oxide  contamination.  Since  the  rate  of  inversion  layer  formation  due  to  surface 
ion  migration  is  a  function  of  the  oxide  sheet  resistivity  which,  in  turn,  is  a  function  of 
the  contamination  and  relative  humidity'  within  the  package,  it  points  out  the  require¬ 
ment  for  a  hermetically-sealed  integrated  circuit  package.  It  also  indicates  that  the 
ultimate  device  reliability  is  related  to  the  degree  of  package  hermeticity.  This  fact, 
in  itself,  justifies  extensive  IC  package  hermeticity  screen  tests  for  insuring  high- 
reliability  devices. 

The  following  sections  describe  the  standard  integrated  circuit  packages  and 
hermeticity  test  techniques  used  for  package  leak  detection  and  determination  of  leak 
rate  magnitude.  The  classical  fluid  flow  equations  and  derivations  are  included  in  the 
Appendix.  The  time-dependent  flow  equations  developed  in  Section  VI  are  used  to 
determine  the  sensitivity  of  the  helium  system  over  a  range  of  package  leak  rates.  A 
method  for  equivalent  leak  hole  diameter  determination  based  on  a  measured  package 
leak  rate  is  reviewed. 

The  integrated  approach  taken  here  results  in  a  comprehensive  examination  of 
hermeticity  testing  techniques  used  for  evaluating  IC  package  integrity. 
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SEC  HON  D 


INTEGRATED  CIRCUIT  PACKAGES 


1.  PACKAGE  REQUIREMENTS 

In  general,  integrated  circuit  packages  are  designed  to  meet  a  number  of  specific 
requirements,  based  on  anticipated  environmental  conditions,  with  the  most  common 
requirements  listed  below: 

a.  The  package  must  provide  a  mechanically  stable  device  enclosure  so  reliability 
screen  tests  such  as  vibration,  drop  shock,  centrifuge,  and  thermal  shock, 
which  are  intended  to  simulate  operating  conditions,  do  not  affect  the  operational 
characteristics  of  the  device. 

b.  The  package  must  provide  electrical  feedthroughs  from  the  internal  device 
itself  to  the  package  externals  which  are  electrically  insulated  from  the  package 
for  supplying  power  to  the  circuit. 

c.  The  package  must  provide  for  heat  transfer  away  from  the  device,  within  the 
package,  since  device  parameters  change  significantly  with  temperature. 

d.  The  package  must  be  corrosion-resistant  to  external  environments. 

e.  The  package  must  be  hermetic  to  prevent  exposure  of  the  internal  device  to 
high  relative  humidity  ambients,  etc. ,  since  the  electrical  parameters  of  the 
discrete  elements  comprising  the  integrated  circuit  can  change  value  or 
degrade  when  exposed  to  this  type  of  environment. 

i.  The  package  must  provide  a  light  shield  since  semiconductor  junction  device 
parameters  are  light-sensitive. 

g.  The  package  must  isolate  the  internal  device  from  external  radiation  and,  also, 
in  specific  instances,  act  as  a  shield  to  prevent  the  internal  circuit  from 
radiating  to  and  adversely  affecting  the  operation  of  other  external  circuitry. 

2.  PACKAGE  T*  PES 

The  hermetic  packages  most  commonly  used  for  integrated  circuits,  whicn  are  de¬ 
signed  to  meet  the  requirements  previously  discussed,  are  the  TO-type  packages,  and 
flat  packages. 
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Hie  TO-type  package  is  made  entirely  of  metal  (i.  e. ,  gold-plated  Kovar),  where 
the  leads  are  insulated  from  the  metal  package  with  glass,  forming  gl as s-to- metal 
seals.  The  Kovar  header  eyelet  can  be  either  a -solid  or  recessed  base  type.  The 
silicon  die  attach  is  accomplished  using  the  gold- silicon  eutectic  formed  by  alloying, 
at  an  elevated  temperature,  the  silicon  die  with  the  gold  in  the  header.  Interconnection 
of  the  integrated  circuit  die  and  the  package  leads  is  performed  using  various  bonding 
techniques.  The  most  common  techniques  are  thermocompression  bonding,  ultrasonic 
bonding,  and  parallel-gap  welding.  Final  sealing  is  accomplished  by  welding  the  can 
to  the  header. 

The  flat  package  construction  varies  from  manufacturer  to  manufacturer.  Generally, 
the  leads  and  all  metal  parts  of  the  package  are  gold-plated  by  the  manufacturer.  The 
package  base  and  lid  material  may  be  metal  <e.  g. ,  Kovar),  ceramic  (e.g. ,  alumina 
(AI2O3)  3°^  beryllia  (BeO)),  or  glass  (glass  composition  varies  between  manufacturers). 
The  package  wall  material  may  also  be  metal,  ceramic,  or  glass  where  the  base  and 
wall  can  either  be  a  single  unit  or  separate  units.  The  leads  are  insulated  from  the 
package  with  glass  employing  glass- to- metal  sealing  techniques.  The  silicon  die  attach 
to  the  package  base  is  made,  using  either  a  eutectic  or  glass  seal,  depending  on  the 
base  material,  i.  e. ,  a  eutectic  preform  is  used  for  metal  base  packages  and  a  glass 
preform  for  ceramic  and  glass  base  packages.  The  interconnection  of  the  silicon  die 
to  the  package  leads  is  accomplished,  using  the  bonding  techniques  previously  mentioned. 
Final  sealing  is  accomplished  using  either  a  eutectic  (e.  g. ,  gold-silicon,  gold-ger¬ 
manium,  or  gold- tin)  or  low  temperature  glass  preform  (e.  g. ,  polyceram),  which  is 
positioned  between  the  lid  and  wall.  It  is  subsequently  heated  until  the  eutectic,  or  glass, 
flows  and  wets  the  surfaces  to  be  joined,  forming  the  hermetic  seal. 

Figure  1  shows  the  completed  TO-type  and  flat  package  assembly.  Package  cross 
sections  with  component  parts,  materials  used,  and  hermetic  seals  are  indicated. 
Metallurgical  sections  of  typical  hermetically-sealed  packages  with  package  components, 
materials,  and  seals  are  also  shown.  The  flat  package  construction  of  the  integrated 
circuit  test  vehicle,  used  under  project  DE-65-10,  is  similar  to  the  flat  package  con¬ 
struction  shown  in  Figure  1.  The  major  differences  are:  (1)  a  metal  base  is  used  and 
(2)  the  gold-plated  Kovar  leads  inside  the  package  are  a  formed  cantilever  such  that  the 
lead  welding  pad  at  the  end  of  the  cantilever  is  elevated  above  the  lead  frame  and  the 
silicon  die  surface. 

A  more  complete  description  of  package  construction,  including  the  various  metal, 
eutectic,  ceramic,  and  glass  materials  used,  and  hermetic  sealing  techniques,  is  given 
in  RADC-TR-65-61,  July  1965,  "Microelectronic  Packaging  Concepts." 
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The  package  manufacturer  visually  inspects  the  package  parts  for  mechanical  de¬ 
fects,  performs  electrical  insulation  tests,  and  checks  the  hermetic  seals,  using  either 
the  helium  or  the  Radiflo  leak  test.  Thus,  the  hermeticity  tests  performed  on  the 
package  after  final  seal  is  made  will  generally  indicate  the  quality  of  the  lid-to-package- 
wal?  seal.  However,  the  possible  damage  to  the  manufacturers'  package  hermetic 
seals,  due  to  improper  handling,  silicon  die  attach,  lead  bonding,  and  final  seal  opera¬ 
tions  cannot  be  overlooked. 

3.  RELIABILITY  CONSIDERATIONS 

In  general,  as  previously  pointed  out,  integrated  circuit  reliability,  from  the 
packaging  standpoint,  is  dependent  upon  the  degree  of  package  hermeticity.  The  critical 
manufacturing  process  common  to  the  described  packages,  which  determines  the 
ultimate  degree  of  hermeticity,  is  the  formation  of  hermetic  glass- to- metal  or  glass- 
to-ceramic  seals.  The  quality  of  the  final  seal  of  the  package  also  determines  the 
degree  of  package  hermeticity.  Generally  this  process  is  well-controlled,  and  does 
not  involve  the  more  critical  process  of  hermetically-sealing  a  large  number  of  leads 
while  maintaining  electrical  lead  insulation  between  the  various  parts  of  the  package. 

The  factors  affecting  both  the  quality  of  the  initial  seals  and  the  degradation  of  the 
seals,  when  exposed  to  various  environmental  conditions  such  as  high  temperatures, 
vibration,  thermal  shock,  etc. ,  are  listed  below  and  include: 

a.  Differences  in  the  thermal  coefficient  of  expansion  between  the  metal  and 
glass  or  ceramic  and  glass.  A  slight  mismatch  in  the  thermal  coefficient  of 
expansion  between  the  metal  and  glass  is  sufficient  to  cause  a  separation  of 
metal  and  glass  at  some  temperature.  To  prevent  separation  of  metal  and 
glass,  an  oxide  is  grown  on  the  metal  surfaces.  The  fusing  then  results  in  a 
continuous  transition  from  metal,  to  metal  oxides,  to  metal  oxides  in  glass, 
to  glass.  The  commonly  used  ceramics  are  metal  oxides,  and  the  transition 
is  from  ceramic,  to  ceramic  in  glass,  to  glass. 

b.  The  uniformity  of  grown  metal  oxide  buffers  required  to  prevent  the  separation 
of  metal  and  glass  due  to  slight  differences  in  the  thermal  coefficient  of  ex¬ 
pansion.  In  the  case  of  glass-to-metal  seals,  if  thin  spots  in  the  grown  oxide 
are  present,  upon  fusing,  it  is  possible  for  the  oxide  layer  to  be  completely 
dissolved  in  the  glass,  thus  eliminating  the  oxide  buffer  resulting  in  a  leaky 
seal. 

c.  Material  cleanliness  (removal  of  oxides,  oil,  or  particle  contamination)  during 
processing,  in  particular,  of  the  metal  surfaces  prior  to  oxide  growth.  The 
cleanliness  of  the  metal  surface  prior  to  oxidation  and  the  control  of  the 
oxidation  process  will  determine  the  oxide  thickness  uniformity  required  for 

a  high  quality  hermetic  seal.  In  general,  any  contamination  on  the  surfaces 
of  the  material,  during  sealing  processes  will  produce  a  nonuniform  seal  be¬ 
tween  the  two  surfaces. 
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d.  The  quantity  or  volume  of  glass  surrounding  the  leads  and  metal  or  ceramic 
surfaces.  Further,  a  greater  volume  of  glass  surrounding  the  leads  and  in 
contact  with  other  metal  or  ceramic  surfaces  will  insure  a  more  reliable  seal. 

Another  major  problem  area  in  the  hermetic  sealing  process  is  void  formation 
which  can  be  caused  by  the  outgassing  of  gas  pockets  within  the  materials  at 
elevated  temperatures  (fusing  temperature).  The  outgassing  of  package 
materials  during  reliability  stress  testing  at  elevated  temperatures  is  a  possible 
source  of  contamination  which  could  be  detrimental  or  degrading  to  device 
operational  characteristics. 

Flexing  the  gold-plated  Kovar  leads  could  fracture  the  glass-to-metal  seal, 
resulting  in  a  leaky  seal  at  that  point.  It  is  conceivable  that  reliability 
accelerated  testing  at  elevated  temperatures  could  degrade  package  hermeticity 
by  destroying  the  hermetic  seals  at  weak  points  in  the  package. 

The  preceding  discussion  delineated  the  requirements  necessary  for  fabricating 
a  hermetic  integrated  circuit  package  and  some  conditions  under  which  the 
package  hermetic  seals  could  be  destroyed.  The  following  section  will  describe 
the  various  techniques  used  in  determining  the  degree  of  hermeticity  of  a 
packaged  circuit,  i.  e.  after  the  silicon  die  attach  and  final  sealing  processes 
have  been  performed. 
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SECTION  m 


PACKAGE  INTEGRITY  TECHNIQUES  FOR  INTEGRATED  CIRCUITS  (HERMETICITY) 

Hermeticity  testing  of  integrated  circuits  can  be  broken  down  into  the  three  main 
categories  as  listed  below: 

•  Class  A  Leaks  -  Leak  Rate  <  10~$  cc/sec. 

•  Class  B  Leaks  -  Leak  Rates  from  1C“®  cc/sec.  to  10“9  cc/sec. 

•  Class  C  Leaks  -  Leak  Rate  >10"5  cc/sec. 

In  general,  an  integrated  circuit  package  is  considered  hermetic  if  it  has  a  leak 
rate  less  than  i  X  10“  7  std.  cc/sec.  The  hermeticity  tests  used  for  determining  IC 
package  leak  rates  fall  in  two  major  classes  as  listed  below: 

•  Gross  Leak  Tests  -  Leak  Rates  >  10' 5  cc/sec. 

•  Fine  Leak  Tests  -  Leak  Rates  <  1(T5  cc/sec. 

There  are  various  measurement  techniques  used  in  the  semiconductor  industry  for 
measuring  leak  rates  in  different  types  of  IC  packages  in  the  above  two  classes.  These 
are  described  in  the  following  subsections. 

1.  GROSS  LEAK  TESTS 

a.  Alconox-Water  Solution  Test 

This  test  is  conducted  by  immersing  the  package  in  a  90°C  alconox  (wetting 
agent)  water  solution  for  15  seconds,  observing  it  with  a  low  power  microscope  for  con¬ 
tinued  bubble  formation  from  any  point  on  the  external  package.  The  principle  of  this 
test  is  that  the  expansion  of  the  gas,  resulting  in  a  pressure  increase  within  the  package 
due  to  the  elevated  temperature,  will  force  part  of  the  gas  out  of  the  package  through  a 
defective  seal.  A  continuous  stream  of  bubbles  indicates  a  gross  leak  in  the  package. 
This  test  is  inexpensive  and  requires  a  minimum  of  equipment  and  time.  However,  the 
solution  can  enter  the  package  through  a  seal  defect  and  damage  the  device. 
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b.  Polyethylene- Glycol  Test 


/ 
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This  test  is  performed  by  placing  the  unit  in  hot  polyethylene- glycol  at 
150°C  and,  again,  observing  with  a  low-power  microscope  for  continued  bubble  forma¬ 
tion.  The  test  principle  is  identical  with  the  alconox-water  test,  and  a  steady  stream 
of  bubbles  from  any  point  on  the  package  is  interpreted  as  a  gross  leak.  Again,  this 
test  is  inexpensive  and  requires  little  equipment  and  time.  However,  damage  to  the 
unit  can  result  from  the  inflow  of  the  liquid  into  the  package. 

c.  Technique  for  Increasing  the  Gross  Leak  Detection  Sensitivity  of  Gross 
Leak  Tests  (a)  and  (b) 


The  method  used  for  increasing  the  leak  detection  sensitivity  of  the  alconox- 
water  solution  test  at  90°C  and  the  polyethylene-glycol  test  at  150°C  consists  of  sub¬ 
merging  the  package  into  either  of  the  test  solutions  for  several  minutes.  During  this 
procedure  the  existing  pressure  differential  forces  part  of  the  package  internal  gas  out 
of  the  package.  The  partial  outflow  of  gas  thus  creates  a  partial  vacuum  within  the 
package  if  the  package  and  internal  gas  are  instantaneously  returned  to  ambient  temp¬ 
erature  and  atmospheric  pressure  exists  outside  the  package.  This  condition  can  be 
simulated  by  removing  the  package  from  the  test  solution  and  immediately  submerging 
it  into  methyl  alcohol  at  25°C  and  atmospheric  pressure  for  several  minutes.  If  a 
gross  leak  exists,  alcohol  will  be  forced  into  the  package  due  to  the  pressure  differential, 
i.  e. ,  A  P  =  atmospheric  pressure-internal  package  pressure,  until  pressure  equilibrium 
is  reached  at  the  ambient  temperature  of  25°C.  The  package  will  then  contain  air  at 
atmospheric  pressure  and  liquid  alcohol.  The  package  is  then  removed  from  the  alcohol 
bath  and  resubmerged  into  the  alconox-water  solution  or  polyethylene- glycol.  The 
temperature  of  either  test  solution  exceeds  the  boiling  point  of  the  methyl  alcohol 
(64. 5°C)  within  the  package  causing  vaporization.  The  vaporization  of  the  liquid  alcohol 
in  the  package  at  the  elevated  temperature  results  in  a  higher  pressure  differential  than 
that  existing  when  the  package  initially  contains  gas  at  one  atmosphere  pressure.  In 
addition,  the  liquid  alcohol  will  continue  to  vaporize  at  r,  definite  rate  such  that  the 
pressure  differential  will  exist  for  a  longer  time  duration.  The  increased  pressure 
differential  existing  over  a  longer  time  interval  thus  increases  the  detection  sensitivity 
of  Gross  Leak  Tests  (a)  and  (b).  Using  this  technique,  again  a  continuous  stream  of 
bubbles  emanating  from  the  package  is  interpreted  as  a  gross  leak. 

d.  Air  Pressure  Bomb  Test 


This  method  of  gross  leak  detection  uses  alcohol  at  room  temperature. 
The  unit  under  test  is  placed  in  a  high-pressure  (45  pounds  per  square  inch)  air  atmos¬ 
phere  for  four  hours.  It  is  then  returned  to  ambient  pressure,  immersed  in  alcohol, 
and  observed  with  a  low-power  microscope.  The  basic  test  principle  is  the  inflow  and 
outflow  of  air  due  to  a  pressure  differential.  Again,  a  steady  stream  of  small  bubbles 
is  interpreted  as  a  gross  leak.  Alcohol  is  chosen  as  the  immersion  medium  because  it 
is  a  solvent  for  any  organic  material  which  may  clog  seal  leaks.  Also,  the  alcohol 
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will  not  cause  device  damage.  This  technique  has  overcome  the  major  disadvantages 
associated  with  the  polyethylene-glycol  and  alconox-water  solution  test,  but  requires 
more  time  and  equipment. 

e.  11  Joy  Bom fr*  Test 


This  test  detects  the  presence  of  an  ionized  low  viscosity  solution  which 
is  forced  into  a  leaky  package  under  pressure.  The  typical  test  consists  of  a  one-hour 
subjection  of  devices  to  100  psig  using  a  solution  of  water  and  "Joy”,  or  various  other 
detergents.  Following  this  test,  units  are  tested  on  an  oscilloscope  or  transistor  curve 
tracer  for  mobile  hysteresis  or  reverse  leakage  current.  A  significant  increase  in  the 
reverse  leakage  after  Joy  Bomb  indicates  a  gross  leak.  This  test  requires  time  and 
equipment  and,  since  the  solution  enters  the  package,  damage  to  the  device  usually 
occurs. 

2.  FINE  LEAK  TESTS 
a.  Radiflo  Leak  Test 


The  Radiflo  unit  is  an  instrument  used  for  measuring  leak  rates  of  en¬ 
closed  volumes  between  1  x  10’5  std.cc/sec.  and  1  x  KT11  std.  cc/sec.  The  system 
uses  a  radioactive  gas  (Krypton  85)  as  a  tracer.  The  test  consists  of  subjecting  a 
sealed  IC  package  to  a  mixture  of  a  carrier  and  radioactive  Krypton  gas  under  pressure 
(nominally  100-200  psig)  for  a  specified  time.  The  maximum  pressure  the  package  can 
withstand  must  be  determined  so  that  as  high  a  bomb  pressure  as  possible  can  be  used 
to  minimize  the  bombing  time.  The  IC  packages  are  placed  in  the  bombing  chamber 
which  is  then  evacuated  and  subsequently  backfilled  with  the  carrier  gas  and  radio¬ 
active  Krypton  gas  mixture  to  a  specified  pressure  for  a  specified  time.  The  radio¬ 
active  and  carrier  gas  mixture  is  then  removed  from  the  chamber  by  a  series  of 
"clean"  gas  purges,  or  washes,  which  also  remove  any  adsorbed  gas  on  the  surfaces 
of  the  package.  Each  packaged  device  is  then  placed  into  the  well  of  a  scintillation 
counter,  and  a  calibrated  reading  in  terms  of  std.  cc/sec.  is  obtained  from  the  amount 
of  radioactive  gas  within  the  package.  The  major  advantage  of  the  Radiflo  leak  test 
is  that  large  quantities  of  devices  can  be  bombed  simultaneously,  and  individual  de¬ 
vice  leak  rate  measurements  can  be  performed  in  a  minimum  of  time  as  compared  with 
the  helium  leak  test  system.  The  disadvantage  of  Radiflo  is  its  inability  in  detecting 
leak  rates  greater  than  10’ 5  std.  cc/sec.  If  the  hole  in  the  seal  is  large,  allowing  gross 
leakage  (4^  >  1  x  10’5  std.cc/sec. ),  the  radioactive  gas  can  leave  the  package  through 
the  same  defective  seal  and  escape  detection, 

b.  Helium  Leak  Test 

Hermeticity  testing  of  integrated  circuit  packages,  conducted  at  RADC  under 
project  DE-65-10,  uses  the  Veeco  helium  leak  test  system  with  helium  gas  as  the 
tracer  fluid.  The  system  is  capable  of  measuring  package  leak  rates  in  the  1  x  10~° 
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to  1  x  10~10  std.  cc/sec.  range.  The  test  consists  of  placing  a  sealed  integrated  cir¬ 
cuit  package  in  a  pressure  chamber,  which  is  subsequently  purged  with  pure  helium  gas 
to  eliminate  the  chamber  air  content,  and  then  pressurized  to  a  specific  helium  bomb 
pressure.  The  package  is  bombed  at  this  pressure  for  a  given  length  of  time  (nominally 
two  to  five  hours  at  45-60  psig),  removed  from  the  chamber  where  the  external  package 
surface  is  flushed  with  dry  nitrogen  gas  to  remove  adsorbed  helium  gas,  and  then  placed 
in  a  bell  jar  which  is  then  evacuated.  This  allows  the  detection  of  part  of  the  helium  gas 
flowing  out  of  the  package  by  a  mass  spectrometer  tuned  for  helium.  The  test  variables, 
(1)  helium  bomb  pressure  and  time  duration,  (2)  information  such  as  Veeco  helium  leak 
detector  calibration,  (3)  time  of  measurement  for  teak  rate  determination,  (4)  charac¬ 
teristic  curves  of  detected  leak  rate  versus  time  during  leak  test  under  vacuum  condi¬ 
tions,  and  (5)  the  limits  of  system  detectability  (minimum  and  maximum  detectable  leak 
rates),  must  be  determined  to  evaluate  integrated  circuit  package  integrity  using  the 
helium  leak  detection  system.  This  method  of  leak  detection  and  the  determination  of 
test  variables  are  presented  in  detail  in  the  following  sections. 
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SECTION  IV 


DESCRIPTION  OF  HELIUM  LEAK  DETECTION  TECHNIQUE 


In  general,  the  basic  principle  underlying  all  methods  of  leak  detection  of  an 
enclosed  volume,  as  evidenced  from  the  hermeticity  tests  described  in  the  previous 
section,  involves  the  passage  or  transfer  of  a  tracer  fluid  (a  liquid  or  gas)  external 
to  the  volume,  through  a  leakage  path.  This  leakage  path  or  paths  can  assume  various 
geometrical  configurations,  and  its  existence  is  verified  by  detection  of  the  tracer 
fluid  which  penetrated  the  enclosed  volume.  The  basic  difference  between  the  Radiflo 
and  the  helium  leak  test  lies  in  the  method  used  for  detection  of  the  tracer  fluid  which 
is  forced  into  the  enclosed  volume  or  package.  In  the  Radiflo  technique,  a  radiation 
count  of  the  package,  after  pressure  bombing,  is  made  by  employing  a  scintillation 
counter.  The  counts  per  minute  readout  obtained  is  a  direct  measure  of  the  quantity 
of  radioactive  gas  (Krypton  85)  within  the  package,  which  is  a  function  of  the  package 
leak  rate.  The  measured  radiation  count  is  converted  to  an  equivalent  volume  leak 
rate  and  recorded  in  std.  cc/sec.  Thus,  the  Radiflo  leak  test  technique  requires  only 
that  the  radioactive  gas  enter  the  enclosed  volume  for  detection  and  leak  rate  measure¬ 
ment.  In  the  helium  technique,  again,  the  tracer  gas  (helium)  is  forced  into  the  pack¬ 
age  by  a  pressure  bomb  cycle.  However,  the  mass  spectrometer  detection  technique 
requires  the  outflow  of  the  helium  gas  within  the  package  into  the  mass  spectrometer 
for  detection  and  leak  rate  measurement.  Thus,  the  helium  technique  requires  both 
the  inflow  and  subsequent  outflow  of  the  tracer  gas  for  package  leak  rate  determination. 

The  following  description  of  the  helium  leak  test  technique  will  emphasize  the  order 
of  the  test  sequence,  the  equipment  used  during  each  test  step,  and,  where  applicable,  the 
type  of  fluid  flow  the  gas  undergoes  during  specific  test  procedures.  This  can  then  be 
compared  with  the  gas  flow  characteristics  during  the  Radiflo  test  sequence. 

Some  of  the  basic  considerations  in  the  selection  of  helium  for  use  as  the  tracer 
gas  in  the  mass  spectrometer  type  leak  detection  technique  should  be  mentioned  here: 

•  the  rate  of  diffusion  of  helium  gas  through  a  leak,  due  to  its  small  mass, 
is  greater  than  that  of  any  other  gas,  with  the  exception  of  hydrogen. 

•  the  molecular  diameter  of  helium  is  small, 

•  helium  occurs  in  the  atmosphere  to  the  extent  of  only  one  part  in  200, 000 
parts  of  air. 
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•  helium  is  an  inert  gas  and,  as  such,  will  not  chemically  react  with  the 
package  or  device  materials, 

•  it  is  improbable  that  an  ion  due  to  any  other  gas  will  give  an  indication  that 
can  be  mistaken  for  helium  using  mass  spectrographic  detection  techniques. 

Figures  2  and  3  show  the  Veeco  leak  detector  equipment  used,  and  the  helium  leak 
test  flow  diagram,  respectively.  Reference  to  these  figures  will  be  made,  where  appro¬ 
priate,  in  the  following  test  description. 

1.  HELIUM  PRESSURE  BOMB 

Helium  gas  is  forced  (viscous  or  diffusional  gas  flow  due  to  pressure  differen¬ 
tial)  into  the  integrated  circuit  package  by  placing  the  package  in  a  pressure  chamber 
which  is  shown  in  Figures  2  and  3.  The  chamber  is  then  purged  with  helium  gas  to 
eliminate  the  chamber  air  content,  after  which  the  bleeder  valve  is  closed  and  the 
chamber  pressure  set  to  a  specific  value.  It  will  be  stated  here  (the  applicable 
classical  gas  flow  equations  are  derived  in  the  Appendix)  that  the  inflow  of  helium  gas 
due  to  the  pressure  differential  follows  either  Poiseuillc's  law  of  viscous  gas  flow  or 
diffusional  flow.  The  mean  free  path,  L,  of  the  helium  gas  molecules  at  the  nominal 
bomb  pressures  is  small,  and  assumed  to  be  much  less  than  the  diameter  of  the  hole, 
constituting  a  defective  point,  or  leakage  path,  in  the  package.  The  package  is  then 
subjected  to  the  pressure  bomb  for  a  specified  time.  The  bomb  pressure  and  time  will 
determine  the  final  partial  pressure  of  helium  within  the  package,  depending  on  the  leak 
rate. 

It  should  be  noted  here  that  Poiseuille's  viscous  gas  flow  law  or  the  diffusional 
flow  law  also  applies  during  the  Radiflo  pressure  bomb. 

2.  NITROGEN  GAS  WASH 

After  completion  of  the  helium  pressure  bomb,  the  package  is  removed  from 
the  chamber  and  flushed  with  nitrogen  gas  to  reduce  the  quantity  of  adsorbed  helium 
gas  on  the  external  surfaces  of  the  package. 

3.  LEAK  RATE  MEASUREMENT  USING  THE  VEECO  HELIUM  LEAK 
DETECTION  SYSTEM 

The  leak  detector  indicator  is  initially  calibrated  before  testing,  using  a 
diffusion-type  standard  leak  (Veeco  Sensitivity  Calibrator  Type  SC-4,  dV/dt  =  7. 0  x 
10“8  i  10%  std.  cc/sec).  After  completion  of  the  helium  pressure  bomb  and  nitrogen 
gas  flush  steps  of  the  test  sequence,  the  package  is  transferred  from  the  pressure 
chamber  to  the  bell  jar,  shown  in  Figures  2  and  3,  which  is  connected  to  the  test 
manifold  of  the  Veeco  leak  detector.  During  the  transfer,  part  of  the  helium  gas 
penetrating  the  package  will  flow  out  of  the  package  (viscous  or  diffusional  flow).  The 
bell  jar  is  then  evacuated  increasing  the  pressure  differential  between  the  internal 
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and  external  of  the  package,  the  magnitude  of  which  is  determined  hy  the  gas  pressure 
in3lde,  and  the  vacuum  pressure  outside  the  package.  The  flow  of  helium  gas  through 
the  leak  path  in  this  case  can  follow  the  laws  of  viscous,  diffusional,  or  free- molecular 
flo.v  depending  on  the  pressure  (refer  to  Section  VII- 1).  The  mean  free  path,  L,  of  the 
helium  gas  molecules  increases  with  decreasing  pressure,  and  at  relatively  low  pres¬ 
sures  (P  <1()4  dynes/cm*2)  and  high  vacuum  pressures  (10-5  to  10"6  Torr  range),  the 
magnitude  of  L  of  the  gas  molecules  will  exceed  the  leak  or  hole  diameter  such  that 
collisions  with  the  surfaces  or  walls  of  the  leak  path  or  hole,  rather  than  intermolecular 
collisions,  will  predominate  and  determine  the  molecular  flow  rate  (free-molecular 
flow). 


The  helium  gas  molecules  flowing  out  of  the  package  into  the  bell  jar  pass  down  the 
test  manifold,  through  the  test  valve,  and  into  the  cold  trap  region  (Figure  3).  Approxi¬ 
mately  99  per  cent  of  the  helium  gas  content  in  the  cold  trap  is  exhausted  by  the  diffusion 
pump  and  fore-pump  system,  the  remainder  of  the  gas  passing  through  the  Vee-tube  port 
directly  into  the  Vee-tube  for  detection.  The  Vee-tube  is  essentially  a  mass  spectrom¬ 
eter  peaked  for  helium  detection  (Figure  3).  The  remaining  vacuum  and  electronic 
equipment  in  the  system  are  required  for  maintaining  the  proper  atmospheric  conditions 
for  opiimum  mass  spectrometer  operation  and  electrical  readout,  respectively. 

The  helium  and  other  gas  molecules  entering  the  Vee-tube  become  positively 
charged  ions  by  bombardment  with  electrons  emitted  from  a  tungsten  filament.  A  positive 
potential  repelier  grid  repels  the  ions  through  the  slit  forming  an  ion  beam.  The  beam 
is  accelerated  by  an  electric  field  and  passes  through  the  ion  focus  plates.  The  ion 
beam  then  enters  a  transverse  magnetic  field  (permanent  magnet)  which  deflects  the 
path  of  the  ions,  where  the  degree  of  deflection  is  determined  by  the  mass  of  the  ion, 
the  entry  velocity,  and  the  magnetic  field  strength.  The  path  of  the  lighter  ions  pre¬ 
sent,  such  as  hydrogen,  undergoes  a  large  deflection  while  that  of  the  heavier  ions, 
such  as  nitrogen  and  oxygen,  undergo  only  a  slight  deflection.  A  baffle  plate  with  a 
slit  opening  is  positioned  in  the  tube  and  adjusted  such  that  the  path  of  the  helium  ions 
down  the  tube  after  deflection  coincides  with  the  center  of  the  slit  opening.  All  other 
ions  presont  hit  the  baffle  plates  and  thus  do  not  reach  the  collector.  The  helium  ions, 
however,  reach  the  collector  and  are  detected.  The  signal  produced  by  the  ion  current 
is  then  amplified  and  fed  to  the  leak  indicator  meter  for  electrical  readout  and  leak 
rate  determination.  The  output  of  the  leak  indicator  meter  is  then  fed  into  a  strip 
chart  recorder  which  provides  a  permanent  record  of  the  package  leak  rate  as  a  func¬ 
tion  of  time  and  improves  the  readout  accuracy  of  the  system. 

The  gas  flow  laws  and  equations  referred  to  in  the  preceding  helium  leak  test 
description  are  derived  in  the  Appendix  and  summarized  in  the  following  section. 
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SECTION  V 


GENERAL  EQUATIONS  DESCRIBING  GAS  FLOW  THROUGH  LONG 
CYLINDRICAL  TUBES,  APPLICABLE  IN  THE  DETERMINATION  OF  INTEGRATED 

CIRCUIT  PACKAGE  LEAK  RATES 


The  viscous,  diffusional,  and  free- molecular  steady  state  gas  flow  rate  laiws,  though 
derived  previously  by  others  and  referenced  where  appropriate  in  the  Appendix,  are 
included  in  this  report  for  the  sake  of  unity  and  completeness,  and  to  'urnish  the  reader 
a  complete  theoretical  background  of  the  laws  describing  gas  flow  through  cylindrical 
tubes.  This  approach  results  in  a  sound,  physical  understanding  of  the  analysis  of  the 
helium  package  leak  test  system  presented  in  Sections  VI  and  VII.  For  the  complete 
derivations  of  the  fluid  flow  laws  through  long  cylindrical  tubes,  the  reader  is  referred 
to  the  Appendix. 

The  gas  flow  equations  describing  the  steady  state  volume  and  molecular  flow  rates 
in  terms  of  test  parameters  and  package  properties  applicable  to  the  helium  leak  detec¬ 
tor  system  are  summarized  in  this  section. 

Viscous  Gas  Flow  Rate  Equations: 


dV 

dt 


4  2 

rD *(P  -  P 

2567?/ Pq 


2 

2 


) 


rD4(P  2  -  P  2) 
dN  ,  1  1  2  1 

dt  "  256TJkTJ? 


Diffusional  Gas  Flow  Rate  Equations: 


D  »  L 


D  »L 


(1) 


(2) 


dV  'd2lVP1-P2> 
dt  12/Pq 


D  >L 


(3) 


dN 

dt 


tD  Lv  (n, 
a  1 


V 


12/ 


D>L 


(4) 
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SECTION  VI 


GAS  FLOW  RATE  TIME  DEPENDENCE  CORRECTIONS 


In  this  section  the  most  applicable  steady  state  gas  flow  equations  will  be  expanded 
to  include  the  time  dependence  corrections  required  when  an  enclosed  volume  (e.  g. ,  IC 
flat  package)  is  imposed  on  the  system.  This  will  then,  constitute  the  basic  equations 
used  for  evaluating  the  sensitivity  of  the  hetium  leak  test  system  to  various  package 
leak  rates. 

The  previously  summarized  equations  are  valid  for  steady  state  gas  flow  through  a 
circular  tube  where  the  initial  conditions  at  the  inlet  and  outlet  of  the  tube  are  inde¬ 
pendent  of  time.  When  the  gas  molecules  flowing  through  the  tube  are  confined  to  a 
fixed  volume  or  container  at  one  end  of  the  tube,  the  gas  inflow  or  outflow  rate,  in  the 
case  of  viscous  or  diffusional  flow  (pressure  differential),  will  decrease  with  time  due 
to  the  decrease  in  the  pressure  differential  with  time.  Further,  considering  the  free- 
molecular  outflow  case  (concentration  or  pressure  differential),  the  molecular  flow  rate 
will  again  decrease  with  time  since  the  number  of  molecules  within  the  enclosed  volume 
decrease  i  with  time,  thus  reducing  the  pressure  differential. 

It  is  apparent  that  during  the  pressure  bomb  test  procedure  where  the  viscous  or 
diffusional  gas  inflow  laws  apply,  the  inlet  conditions  are  constant  (helium  bomb  pres¬ 
sure)  and  the  outlet  conditions,  namely  the  pressure  within  the  enclosed  volume,  vary 
resulting  in  a  change  in  the  gas  flow  rate  with  time.  Using  the  same  argument,  it  is 
evident  that  during  the  package  transfer  from  the  pressure  chamber  to  the  bell  jar, 
the  gas  outflow  rate  decreases  with  time.  Similarly,  during  the  leak  rate  measure¬ 
ment  test  procedure  where  the  outlet  is  under  a  constant  high  vacuum  condition  and 
the  free-molecular  outflow  laws  apply,  the  inlet  conditions,  namely  the  gas  molecular 
density  and  corresponding  pressures  within  the  enclosed  volume,  vary,  which  again  re¬ 
sults  in  a  change  in  the  gas  flow  rate  with  time.  The  gas  flow  equations  applicable  to 
the  helium  package  leak  rate  measurement  system  must  be  further  developed  using  the 
appropriate  boundary  conditions  to  include  all  time  dependent  terms  such  that  the  gas 
flow  rate  can  be  determined  as  a  function  of  time. 

In  the  steady  state  gas  flow  rate  equations  summarized  in  Section  V,  the  pressure 
and  concentration  gradient,  dP/dl  and  dn/dl,  is  negative  by  convention  and,  therefore, 
the  subscripts  1  and  2  of  both  the  P  and  n  terms  refer  to  the  higher  and  lower  pressure 
or  molecular  density  respectively. 


19 


*r 


Throughout  Section  VI,  P2  and  n2  designate  the  pressure  and  molecular  density 
within  the  IC  package.  In  deriving  the  viscous  and  diffusional  time  dependent  inflow 
equations  (Helium  Pressure  Bomb)  the  subscript  notation  is  consistent  with  that  of  Sec¬ 
tion  V  and  the  Appendix.  Note  that  the  viscous  and  free- molecular  time  corrected  out¬ 
flow  equations  are  derived  using  equations  (2)  and  (6)  of  Section  V  respectively.  The 
basic  equations  marked  by  an  asterisk,  while  of  the  same  form  as  equations  (2)  and  (6) 
in  Section  V,  do  not  indicate  a  sign  change  but  rather,  a  reversal  in  the  P  and  n  sub¬ 
script  notation.  This  reversal  allows  consistent  internal  package  parameter  designa¬ 
tion  while  maintaining  the  correct  pressure  and  concentration  gradient  sign  convention. 

Consider  the  helium  bomb  test  procedure  where  the  time  dependence  of  the  molecu- 
dN  dV 

lar  -r—  and  volume  leak  rate  and  the  internal  package  pressure,  P„,  must  be  deter- 
dt  dt  2 

mined.  The  molecular  flow  rate  (eq.  2,  Section  V)  and  the  internal  package  pressure 

can  be  expressed  by: 


4  2  2 

dN  ^P1  P2  ^  p  nN°kT  NkT 

~6t  =  256  7jkTje  2  '  Vc  "  Vc 

where: 


D  =  tube  diameter 
P^  =  Helium  Bomb  pressure 
P  =  Internal  IC  package  pressure 
r)  =  viscosity  of  tracer  gas  (helium) 
k  =  Boltzmann’s  constant 
T  =  Absolute  temperature 
J?  =  tube  length 
Vc  =  IC  package  volume 

Now: 


dP2  =  dN/dt  kT 

dt  V 
c 


4  2  2 

*D  <P1  '  P2  > 
256  r^Vc 


A  = 


256  r?J?Vc 


where 


•IM-WHI'I.WI*"..!!"  HBWHr  TUB 


Substituting  the  previous  equation  for  p£  into  the  gas  flow  rate  equation,  the  molecu¬ 
lar  flow  rate  as  a  function  of  bomb  pressure  and  tim^  re: 


dN 

dt 


it  d4px2 

ISffflkTj 


r<L±_KLe  2APltf  -  i 
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1  - 


(1  -  K) 

(1  +  K)  Q2AVf 

,(1  -  K) 


+  1 


17a) 


Referring  to  equation  (1),  if  the  volume  flow  rate  is  measured  at  the  package  pressure 
I*j,  then  setting  P0  =  P2  gives  the  volume  gas  flow  rate  at  the  entrance  to  the  internal 
package  volume. 


dV 

dt 


7rD4P12 

iLU9-e  2A?ltf  -  1 

!_  (1-K>  _ 1 

ILLS.."*., 

L  (1  -  K) _ _ _ J 

256 

q  +  k)  2APi‘(  _  1 

(1  -  K)  e  1 

(1  +  K)  2APltf  .  , 
(1  -  K)  6 

m  - 

(7b) 


Similarly,  the  decrease  in  internal  package  pressure  (loss  of  tracer  gas)  during 
the  transfer  from  the  pressure  bomb  chamber  to  the  vacuum  bell  jar  as  a  function 
of  time  can  be  derived  again  using  eq.  2  of  Section  V  as  follows: 


dN 

dt 


ffD4(P22 


-  O 


256  TjkTf 


* 


and 


dP2 

dt 


Substitution  of  the  expression  for  dN/dt  into  the  equation  for  dP2/dt,  separation  of 
variables  and  integration  yields : 
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where: 


A  = 


srD 


256  rjjfrV 


P2  =  initial  internal  package  pressure  after  helium  bomb 
P  -  constant  one  atmosphere  ambient  pressure 

Setting  a=P  °  =  KPj,  in  this  case  K  a  l,and  integrating  where  a  =  P°att=o  and 

f  2 

b=>P  as  c  =>tf  gives  the  following  expression  for  P  as  a  function  of  time: 

Z  I  z 


P2  =pi 


,  (K  -  1)  "2APltf 

1  +  omi-e 


.  (K  -  1) 

(K  -»  1)  G 


(7c) 


The  molecular  and  volume  flow  rate  (outflow)  as  a  function  of  time  can  be  obtained 
by  direct  substitution  of  the  previous  expression  for  Pg  into  the  basic  flow  rate  equation. 

The  viscous  helium  gas  inflow  during  pressure  bombing  and  outflow  during  the 
package  transfer  from  the  pressure  chamber  to  the  bell  jar  is  expressed  in  a  general 
form  by  the  following  equation  where  the  internal  package  pressure,  P2,  is  expressed 
as  a  function  of  test  parameters  and  package  properties.  At  inflow,  the  high  pressure 
tube  end  is  Pj,  (Helium  bomb  pressure)  whereas  at  outflow  conditions  P2  (internal 
package  pressure)  is  the  high  pressure  tube  end  resulting  in  gas  outflow  from  the  package 
and  Pjl  is  atmospheric  pressure. 


p/  = 


(K±l)  ±2AP!tf 
^  (KTl)6 


(K*l)  ±2AP1tf 
X±  (KT1)  6 


(7d) 


The  upper  and  lower  sign  must  be  used  for  inflow  and  outflow  conditions  respec¬ 
tively.  The  value  of  Kin  (inflow)  and  KQU^  (outflow)  are: 

K.  =  P  °/  P  =  initial  internal  package  pressure/helium  bomb  pressure, 
in  z  x 

KQut  =  P2°/Pi  =  Package  pressure  after  helium  bomb/ one  atmosphere 

ambient  pressure. 


It  should  be  noted  that  in  the  outflow  case,  both  helium  and  air,  will  flow  out  of  the 
package  with  a  molecular  flow  rate  dN/dt  proportional  to  their  partial  pressure  within 
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the  package  since  the  viscosities  oi‘  helium  and  air  are  approximately  equal.  In  addition, 
the  outflow  equation  can  be  considered  valid  when  the  package  is  placed  in  the  bell  jar 
and  partially  evacuated  and  the  internal  package  pressure  is  high  enough  such  that 
D  »  L  is  satisfied  along  the  majority  of  the  tube  length,  (a  necessary  condition  for 
viscous  flow).  However,  the  equations  will  fail  when  the  internal  package  pressure 
decreases  to  such  a  magnitude  that  D  <  L,  the  condition  where  free- molecular  flow  exists. 

When  diffusional  gas  inflow  to  the  package  during  the  helium  bomb  test  procedure 
is  greater  in  magnitude  than  that  predicted  under  viscous  inflow  conditions,  the  diffu¬ 
sional  gas  flow  rate  equation  can  be  corrected  to  include  the  dependence  of  ng  on  time 
as  follows: 


or 


dN 

dt 


7TV  D2L 
a  o 

12  jl 


(nx  -  n2)  D  > 


L 


dP 

2  dN/dtkT 
dt  V 

c 


dn£T 

dt 


dN/dt  kT 

V 

c 


n^  =  constant 

n  =  internal  package  concentration 
Lq  =  average  MFP 
v  =  average  molecular  velocity 

After  substitution  and  simplification,  the  resulting  differential  equation  is  of  the 
first  order  with  variables  separable,  thus 

dn  ffv  D2L 

2  _  dN/dt  _  a  o  (n.  -  n„) 

dt  =  V  12jfv  1  2 

c  *  c 
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Separating  variables  and  integrating: 


f  do2  V\D\  f 

J  (.J  -  .2)  ’  12/Vc  J 


dt 


where  is  the  initial  internal  package  concentration  at  t  =  0 

The  solution  of  this  integral  equation  for  n2  or  P2  as  a  function  of  time  under  helium 
pressure  bomb  when  d  =  n°  at  t  =  0  and  e=>n|  as  c=>tf  becomes: 


trv  D  L  t. 
a  o  f 

12J?V 


n2  =  n!  X1  “  “  K>e 


(8) 


^  Vf 


12 iV 


P2  =  PL  \l  -  (1  -  K)e 


(8a) 


where  K  =  n^/n-^  =  Pg/Pj  n2  is  ^e  ^ial  concentration  inside  the  package  at 
t  =  0. 

The  diffusional  flow  rate  equation  time  dependence  is  obtained  by  substitution  of 
the  above  expressions  for  and  P2,  into  the  equations  for  dN/dt  and  dV/dt,  thus: 


ffv  D  L  n 
dN  _  a _ o  1 

dt 


12  J? 


trv  D2L 
dV  _  a  o 

dt  ' 


-trv  D  L  t , 
a  of 


12/V 


(1  -  K)e 


(8b) 


12J? 


-7TV  D  Lt. 
a  of 


(1  -  K)e 


12/V^ 


-trv  D  Lt. 
a  of 


12fV 


1  -  (1  -  K)e 


(8c) 


where  dV/dt  is  measured  at  pressure  P  =  P 

O  £ 
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The  equations  for  dN/dt  and  dV/dt  are  approximate  due  to  the  fact  that  the  mean 
free  path  was  treated  as  a  constant  equal  to  the  average  mean  free  path  over  the  pressure 
range  involved.  A  more  exact  treatment  requires  expressing  the  MFP  in  terms  of  the 
pressure  in  the  differential  equation  for  dNg/dt. 

After  the  helium  pressure  bomb  test  procedure  is  completed,  the  package  must  be 
transferred  to  the  bell  jar  for  leak  rate  measurement.  During  the  transfer,  the  pressure 
differential  between  the  internal  package  pressure  and  atmospheric  pressure  will  result 
in  viscous  or  diffusional  flow  of  both  the  helium  gas  and  the  air  through  the  hole,  resulting 
in  a  loss  of  helium.  Since  the  viscosities  of  helium  and  air  at  25°C  are  196 /*  poise 
and  182/i  poise  respectively  the  outflow  of  helium  gas  to  air  will  be  proportional  to 
their  partial  pressures  inside  the  can  or  the  ratio:  P  helium/ P  air.  For  this  case  the 
time  dependent  viscous  or  diffusional  flow  rate  equations  apply  and  the  quantity  of  helium 
gas  lost  in  the  transfer  from  the  bomb  chamber  to  the  bell  jar  can  be  estimated.  The 
actual  transfer  time,  as  will  be  seen  later,  becomes  extremely  important  when  the 
equivalent  hole  diameter  exceeds  one  micron  (1  /*).  In  addition,  if  a  large  number  of 
units  (100  -  200  devices)  are  pressure  bombed  simultaneously  and  the  devices  are  leak 
checked  in  groups  of  10  or  20,  the  transfer  time  and  the  time  required  for  actual  leak 
rate  measurements  becomes  important.  The  specification  of  a  maximum  timelimit  on  the 
time  interval  between  pressure  bombing  and  leak  rate  measurements  using  the  Helium  Leak 
Detector  is  necessary  to  insure  tha  t  all  the  bombed  devices  maintain  a  partial  pressure  of 
helium  inside  the  can,  during  leak  rate  measurement,  which  is  approximately  equal  to 
the  helium  partial  pressure  at  the  end  of  the  helium  pressure  bomb  test  procedure. 

Now  consider  the  free-molecular  outflow  of  gas  molecules  from  the  internal  package 
volume  into  the  bell  jar  under  vacuum  conditions  during  the  leak  rate  measurement  test 
procedure.  Ihe  molecular  flow  rate  equation  (eq.  6  Section  V)  valid  for  this  type  of 
gas  flow  is: 


dN 

dt 


3 

+ffD  v  /*• 

~mr ("2 - V  'D<L 


where 

2tmv 

n^  =  constant  concentration  (vacuum  pressure) 
n  =  internal  package  concentration 

Ct 

va  =  average  molecular  velocity 
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and  it  is  evident  that  the  magnitude  of  dN/dt  is  determined  by  the  time  dependent 
molecular  density  n2»  inside  the  package  or  enclosed  volume. 

Since: 


HP 

2  _  dN/dtkT 
“  dt  V 

c 

or 

dn2  _  dN/dt 
“  dt  V 


Substituting  the  expression  for  dN/dt  into  the  relation  for  — ,  and  simplifying: 


dn2  'r'sD\  ~  V 


Again  the  resulting  differential  equation  is  of  the  first  order  with  variables 
separable.  Separation  of  variables  and  integration  gives  the  following  expression: 


I 


“ft 


dn_  nv  D3 


I 


dt 


where  n°  is  the  initial  concentration  within  the  package  at  t  =  0. 

Integration  and  evaluation  of  the  definite  integrals  where  d  =  n2  at  t  =  0  and 
e=>n|  as  c=£>tf  gives  the  expression  for  n/>  and  P2  as  a  function  of  time,  thus: 


where  K  - 


v  I 

'n/"s 


ffVaD^‘f 

12/V 


(1  -  K)  e 


ffVaD  lf 
12  jPV 


(1  -  K)  e 


(9) 


(9a) 
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Hie  free  molecular  flow  rate  equation  time  dependence  is  obtained  by  direct  sub¬ 
stitution  of  the  above  expressions  for  n2  and  Pg  into  the  equations  for  dN/dt  and  dV/dt, 


thus 


dN 

dt 


TTV  D 

a 


12 / 


12  J2V 


n2(l-K)e 


(9b) 


dV 

dt 


JTV  D3 
a 

trv  D3t. 
a  f 

12j?V 

(1  -  K)e  C 
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l2fV 

1  -  (1  -  K)e 

(9c) 


where  dV/dt  is  measured  at  pressure  P  =  P 

O  M 

The  time  dependent  gas  flow  equations,  based  on  the  restricting  enclosed  volume 
at  the  appropriate  tube  end,  that  is,  the  integrated  circuit  flat  package,  allows  the 
determination  of  the  initial  magnitudes  of  dN/dt  and  dV/dt  and  their  time  rate  of  change, 
and  the  internal  package  pressure  as  a  function  of  time  under  specified  test  and  package 
parameters.  In  particular,  the  helium  bomb  pressure  and  time  duration  required  to 
detect  and  accurately  measure  a  defined  leak  rate  range  with  corresponding  equivalent 
hole  diameters  can  be  estimated.  In  addition,  the  decrease  in  the  helium  partial  pres¬ 
sure  within  the  package  due  to  viscous  outflow  during  the  transfer  of  the  package 
from  the  pressure  chamber  to  the  bell  jar  can  be  estimated.  This  information  is  re¬ 
quired  since  the  helium  pressure  loss  within  the  package  during  the  transfer  sets  an 
upper  time  limit  on  the  time  interval  between  the  termination  of  the  pressure  bomb  cycle 
and  the  actual  leak  rate  measurement.  It  should  be  noted  again  that  the  gas  flow 
equations  must  include  the  time  dependence  corrections  due  to  the  boundary  conditions 
imposed  on  the  gas  flow  during  the  actual  package  leak  rate  measurement  technique. 

It  is  clear  that,  (1)  setting  t  =  0  in  both  the  inflow  equations  for  gas  flow  rate 
(d*7dt,  dV/dt)  and  internal  package  pressure  P2  gives  the  initial  magnitude  of  dN/dt, 
dV/dt,  and  P2  during  the  helium  pressure  bomb  test  procedure,  and  (2)  setting  t  =  0 
in  both  the  outflow  equations  for  gas  flow  rate  (dN/dt,  dV/dt)  and  internal  package 
pressure  Pg  gives  the  initial  magnitude  of  dN/dt,  dV/dt,  and  Pg  during  the  leak  rate 
measurement  test  procedure. 


The  time-corrected  inflow  rate  equations  must  be  used  when  the  package  leak  rate 
is  large,  as  the  leak  rate  magnitude  is  directly  dependent  on  the  effective  leak  hole 
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diameter  and  length.  In  this  case  the  differential  pressure  is  significantly  reduced,  due 
to  the  increase  in  the  internal  package  pressure,  when  subjecting  the  package  to  helium 
pressure  bomb  fo  '  %  specified  time  interval.  Similarly,  for  high  package  leak  rates 
again  implying  relatively  large  equivalent  hole  diameters,  the  time  corrected  outflow 
gas  flow  equations  must  be  used  when  the  molecular  density  or  internal  package  pres¬ 
sure  significantly  decreases  during  the  time  duration  required  for  transfer  and  package 
leak  rate  measurement  using  the  helium  leak  detector  system. 
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SECTION  vn 


HELIUM  LEAK  TEST  ANALYSIS  AND  DETERMINATION  OF  EQUIVALENT 
HOLE  DIAMETER  BASED  ON  THE  MEASURED  INTEGRATED  CIRCUIT 
PACKAGE  LEAK  RATE  WITH  HELIUM  BOMB  PRESSURE  AND 

TIME  SPECIFIED 


1.  PHYSICAL  PROPERTIES  OF  THE  FLAT  PACK  INTEGRATED  CIRCUIT  PACKAGE 
REQUIRED  FOR  THE  THEORETICAL  HELIUM  LEAK  TEST  ANALYSIS 

The  three  essential  properties  required  for  hermeticity  test  analysis  of  the  flat 
package  used  for  packaging  the  integrated  circuit  (SN347-Dual  Low-Level  Nand  Gate) 
test  vehicle  used  under  project  DE-65-10  are  (1)  the  internal  volume  of  the  package, 

(2)  the  average  length  of  the  glass-to-metal  seals  and,  (3)  the  internal  package  pres¬ 
sure  and  ambient.  The  above  stated  required  package  properties  are: 


(1)  Internal  volume (13) - «slO-2Cc. 

(2)  Average  glass-to-metal  seal  length - *«0. 015"  or  0.038  cm. 

(3)  Internal  ambient  and  pressure^3)  — — - —  Air  at«1.0  atm. 


In  general,  the  internal  volume  of  the  package  will  vary  depending  on  the  physical 
dimensions  of  the  die  and  the  amount  of  material  used  for  die  attach.  Excess  glass 
on  flie  inside  of  the  package  at  the  glass  to  metal  seals  will  also  decrease  the  internal 
volume.  In  addition,  there  are  internal  volume  differences  depending  on  the  TO  num¬ 
ber  of  the  package  used.  The  glass  to  metal  seal  length  will  vary  slightly  due  to  ex¬ 
cess  glass  surrounding  the  leads.  The  internal  package  pressure  is  nominally  one 
atmosphere  (13)  (generally  <1.0  atm.  since  the  package  is  sealed  using  elevated 
temperatures  which,  when  returned  to  ambient  room  temperature,  creates  a  small 
partial  vacuum  within  the  package) .  The  internal  ambient  or  gas  composition  will 
depend  on  the  circuit  manufacturer.  0-3) 

2.  ANALYSIS  OF  THE  STEADY  STATE  VISCOUS,  DIFFUSIONAL,  AND  FREE- 
MOLECULAR  GAS  FLOW  RATES 

In  general,  the  type  of  gas  flow  existing  in  a  circular  tube  will  be  determined  by 
the  tube  dimensions  such  as  the  length  //,  which  will  determine  whether  end  corrections 
for  turbulent  flow  must  be  considered,  and  the  tube  diameter  D.  If  the  tube  length  is 
long  compared  to  the  diameter  D,  entrance  and  exit  conditions  can  be  neglected  and  the 
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type  of  gas  flow  existing  within  the  tube  over  the  majority  of  the  tube  length  will  then 
be  determined  by  the  ratio  D/L.  Thus,  for  any  tube  diameter  D,  it  is  evident  that  the 
magnitude  of  the  molecular  mean  free  path  L,  which  is  a  function  of  the  absolute  pres¬ 
sure  at  any  point  along  the  tube  length,  will  determine  the  nature  of  the  gas  flow.  The 
transition  from  pure  viscous  flow  (high  pressure)  to  a  combination  of  both  viscous  and 
diffusional  flow  (intermediate  pressure)  and,  finally,  to  pure  free-molecular  flow  (low 
pressures)  at  a  fixed  tube  diameter  has  generally  been  described  in  the  literature  by 
the  viscous  flow  laws  for  the  high  pressure  range,  viscous  flow  corrected  for  slip  at 
the  tube  walls  for  the  intermediate  pressure  range,  and  the  free-molecular  flow  laws 
for  the  low  pressure  range.  Figure  4  shows  the  average  velocity  of  helium  and  air  at 
25°C  and(12)  the  molecular  mean  free  h  L  as  a  function  of  the  absolute  pressure. 

As  previously  stated,  the  package  manufacturer  conducts  hermeticity  tests  on  the 
fabricated  integrated  circuit  package  prior  to  lid  and  die  attachment  to  determine  the 
quality  of  die  glass  to  metal  seals.  One  technique  using  the  helium  leak  detector  sys¬ 
tem  consists  of  sealing  one  side  of  the  package  (vacuum  seal)  to  the  helium  leak  de¬ 
tector  and  subjecting  the  other  package  side  to  helium  gas  under  one  atmosphere 
pressure.  Since  the  appropriate  package  sides  are  under  a  constant  vacuum  pressure 
and  a  constant  one  atmosphere  helium  gas  pressure,  and  there  is  no  limiting  package 
volume,  steady  state  helium  gas  flow  (in  this  test  it  is  assumed  that  the  free-molecular 
gas  flow  law  applies)  will  exist  through  any  defective  seal  point  in  the  package.  The 
molecular  gas  flow  rate  is  then  independent  of  time.  The  package  leak  rate  is  then 
measured  using  the  helium  leak  detector  which  is  calibrated  using  a  standard  leak  such 
as  the  SC  -4.  For  this  type  of  package  leak  test,  the  helium  gas  flow  rates  as  a  function 
of  test  parameters  and  package  average  glass-to-metal  seal  length  and  hole  diameter 
are  of  importance. 

In  addition,  when  subjecting  the  sealed  integrated  circuit  package  to  the  helium 
pressure  bomb  test  procedure,  if  the  package  volume  is  relatively  large  and/or  the 
equivalent  leak  hole  diameter  is  small,  approximate  steady  state  helium  gas  flow  (in 
this  case  the  viscous  or  diffusional  gas  flow  laws  apply)  will  also  exist  through  any 
defective  seal  point  in  the  package  for  a  time  interval  determined  by  the  package 
volume,  helium  bomb  pressure,  hole  diameter,  etc. 

The  graphs  in  Figures  5  and  6  show  the  steady  state  molecular  dN/dt  and  volume 
dV/dt  gas  flow  rates  for  viscous  and  diffusional  flow  respectively  as  a  function  of  test 
and  package  parameters.  In  Figure  5  the  viscous  flow  rates  are  shown  as  a  function  of 
several  nominal  helium  bomb  pressures  with  assumed  tube  diameters.  The  constant 
pressure  of  one  atmosphere  on  the  opposite  tube  end  and  the  tube  length  were  selected 
to  simulate  the  normal  internal  package  pressure  and  the  average  glass  to  metal  seal 
length.  In  Figure  6  the  diffusional  flow  rates  are  shown  as  a  function  of  several  helium 
bomb  pressures  and  an  internal  package  pressure  of  one  atmosphere  with  assumed  tube 
diameters.  Here,  again,  the  pressures  and  tube  lengths  were  selected  to  simulate 
internal  package  pressures,  nominal  helium  bomb  pressures,  and  the  average  glass-to- 
metal  seal  length  used  in  Figure  5.  Figure  7  gives  the  magnitudes  of  dN/dt  and  dV/dt 
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6.  Steady  State  Helium  Diffusional  Gas  Flow  Rates  (dN/dt,  dV/dt) 
as  a  Function  of  Helium  Bomb  Pressure  and  Tube  Diameter 


FREE -MOLECULAR  FLOW  RAT'-:  4N/41  AT  TU»E  01*  t>  *CURVE  VALtft  xfe- 
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for  helium  free-molecular  flow  in  terms  of  the  pressure  and  concentration  differential. 
The  length  of  the  package  glass-to-metal  seal  used  in  calculating  the  flow  rates  is 
consistent  with  that  value  used  for  determining  the  viscous  and  diffusional  gas  flow 
rates.  Note  that  for  free-molecular  flow  at  these  pressures  the  tube  diameter  must 
be  considerably  smaller  than  that  for  viscous  or  diffusional  flow.  At  one  atmosphere 
the  tube  diameter  required  for  free-molecular  flow  must  be  less  than  10-5  Cm.  It  is 
difficult  to  conceive  a  tube  of  constant  diameter  through  a  seal  with  these  dimensions. 
Further,  it  has  been  shown  by  Davis,  Levenson,  and  Milleron(*6)  that  at  low  pres¬ 
sures,  the  tube  conductance  and  gas  flow  rate  under  free-molecular  flow  conditions  is 
dependent  on  the  wall  surface  roughness  and,  in  fact,  decreases  as  the  degree  of  sur¬ 
face  roughness  increases.  As  previously  stated,  in  an  actual  non-hermetic  IC  package, 
smooth  and  continuous  leak  paths  are  improbable  (e.g. ,  separation  of  the  glass  to 
Kovar  lead  seal  will  result  in  a  leakage  path  bounded  on  one  side  by  the  rough  metal) . 

Inspection  of  the  free-molecular  flow  rate  dN/dt  restrictions  when  n2  =  0,  as  is 
the  case  when  the  outlet  end  of  the  tube  is  at  high  vacuum,  and  nj  lO*9  molecules/ 
cc,  the  approximate  molecular  density  of  the  internal  package  gas  at  one  atmosphere, 
indicates  tf)^t  at  the  calculated  density  gradient  dn/dx«sl0l9  moh.cules/cc/0. 038  cm 
%2.6x  l(r  molecuIes/cm4,the  restricting  condition  of  small  density  gradients  is 
violated.  In  addition,  if  P2  =  0  in  the  volume  flow  rate  equation,  the  magnitude  of 
dV/dt  is  totally  independent  of  the  pressure  within  package.  Based  on  the 
preceding  statements,  the  validity  of  using  this  equation  in  describing  the  helium  gas 
flow  out  of  the  package  under  vacuum  conditions  with  a  high  internal  package  pressure 
is  questionable.  It  appears  that  a  number  of  conditions  could  possibly  exist  depending 
on  the  equivalent  leak  hole  diameter  and  geometry  including,  (1)  a  gradual  transition 
from  viscous  to  diffusional  gas  flow  or  a  combination  of  both  types  could  exist  until 
the  pressure  in  the  package  reaches  such  a  value  that  all  restricting  conditions  for 
free-molecular  flow  are  satisfied;  (2)  a  transition  from  viscous  or  diffusional  flow  to 
free-molecular  flow  at  some  point  within  the  tube  length  could  occur  depending  on  the 
hole  diameter  and  the  pumping  speed  of  the  vacuum  system;  or  (3)  the  entire  tube 
length  could  be  under  high-vacuum  conditions . 

The  preceding  discussion  points  out  the  difficulty  in  describing  the  type  of  gas  flow 
within  a  package  leak  hole  or  tube  duritg  the  helium  pressure  bomb  and  leak  rate 
measurement  test  procedures. 

The  curves  of  dN/dt  and  dV/dt  shown  in  Figure  7  assume  that  the  free-molecular 
flow  laws  for  outflow  of  helium  gas  from  the  package  are  valid  for  the  helium  leak  test 
measurement  when  the  magnitude  of  the  absolute  pressure  is  sufficiently  reduced  such 
that  the  tube  or  equivalent  hole  diameter  is  small  compared  to  the  molecular  mean  free 
path  and  the  conditions  that  D  <  L  and  small  density  gradients  exist  are  satisfied. 

The  pressure  at  which  the  volume  flow  rates  were  calculated  is  the  average  pres¬ 
sure  within  the  tube,  (Pi  +  P2)/2,  thus  average  volume  flow  rates  are  plotted.  The 


36 


volume  flow  rate  at  any  plane  within  the  tube  at  pressure  Px,  where  >  Px  >P2, 
can  be  determined  by  multiplying  the  average  volume  flow  rate  by  the  ratio  Pavg/px- 
The  volume  flow  rates  can  also  be  referenced  to  standard  temperature  and  pressure 
by  setting  Px  =  Pstp. 

It  should  be  noted  here  that  the  steady  state  magnitude  of  dN/dt  and  dV/dt  as  shown 
in  Figures  5,  6,  and  7,  where  the  specified  test  and  package  parameters  were  selected 
to  represent  actual  leak  test  parameters  and  package  properties,  gives  the  initial 
(t  =  0)  magnitudes  of  dN/dt  and  dV/dt  under  identical  conditions.  Here  the  values  of 
the  package  pressure  and  internal  volume,  hole  diameter,  etc.,  require  the  use  of  the 
time  corrected  gas  flow  rate  equations.  Therefore,  the  gas  flow  rate  equations  from 
which  the  curves  of  Figures  5,  6,  and  7  were  plotted  give  the  magnitudes  of  dN/dt  and 
dV/dt  that  are  valid  for  steady  state  gas  flow.  These  equations  and  corresponding 
curves  hold  where  there  is  no  restricting  enclosed  volume  on  the  system  and  give  only 
the  initial  magnitudes  of  dN/dt  and  dV/dt  when  the  gas  flows  through  a  hole  or  tube 
into  or  out  of  an  enclosed  volume,  such  as  the  integrated  circuit  flat  package. 

Recently,  Lund  and  BermanO-5)  have  developed  an  equation  describing  the  flow  of 
gases  in  capillaries  of  various  length-to-radius  ratios  over  the  pressure  range  ex¬ 
tending  from  the  free-molecular  to  viscous  gas  flow.  The  flow  of  gas  through  a  tube 
under  a  pressure  gradient  is  expressed  as  the  sum  of  two  terms,  namely:  (1)  a  dif¬ 
fusive  component  which  decreases  with  increasing  pressure,  and  (2)  a  drift  component 
which  increases  with  increasing  pressure.  The  developed  gas  flow  rate  equation  gives 
the  same  results  as  those  obtained  using  the  classical  flow  rate  equations  summarized 
in  Section  V  of  this  report,  within  the  limited  pressure  range  over  which  each  flow  law 
is  valid  in  describing  the  helium  gas  flow.  The  magnitudes  of  dN/dt  and  dV/dt  calcu¬ 
lated  and  plotted  in  Figures  5,  6,  and  7  remarkably  agree  with  the  values  calculated 
using  the  general  equation  of  Lund  and  Berman. 

3.  ANALYSIS  OF  THE  TIME-DEPENDENT  VISCOUS,  DIFFUSIONAL,  AND  FREE- 

MOLECULAR  GAS  FLOW  RATES 

The  time-dependent  gas  flow  rate  equations  as  derived  in  Section  VI  where  an 
enclosed  volume  (IC  package)  imposed  a  defined  boundary  condition  on  the  system  will 
be  discussed  separately  follow ng  the  testing  sequence. 

Inspection  of  the  viscous  and  diffusional  gas  flow  equations  describing  inflow 
during  the  helium  bomb  pressure  test  procedure  shows  that: 

•  the  internal  package  pressure  increases  from  its  initial  value  of  one  atmosphere 
air  pressure  at  t=0  to  the  helium  bomb  pressure  as  t-*+  where  the  magnitude 
of  vc,  D,  !,  and  Pj  determine  the  bomb  time  required  to  reach  pressure 
equalization. 
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•  the  molecular  dN/dt  and  volume  dV/dt  flow  rates  decrease  from  their  intitial 
magnitudes  at  t=0  to  zero  as  t-*oa+  where  again  the  time  at  which  pressure 
equalization  or  the  flow  rate  approaches  zero  is  determined  by  the  test  and 
package  parameters  stated  above . 

Considering  next  viscous  or  diffusional  outflow  from  the  package  when  the  package 
is  maintained  at  one  atmosphere  external  pressure,  i.e. ,  during  the  transfer  of  the 
package  from  the  bomb  chamber  to  the  bell  jar: 

•  the  internal  package  pressure  decreases  from  its  initial  value  after  the  helium 
pressure  bomb  test  procedure  at  t=0  to  a  pressure  determined  by  the  transfer 
time.  The  final  pressure  if  the  package  is  maintained  at  one  atmosphere  ex¬ 
ternal  pressure  obviously  would  be  one  atmosphere  or  pressure  equilibrium. 

•  the  molecular  and  volume  flow  rates,  dN/dt  and  dV/dt,  decrease  from  their 
initial  magnitude  at  t=0  to  a  flow  rate  again  determined  by  the  transfer  time. 
The  flow  rates  go  to  zero  if  pressure  equalization  is  attained. 

•  The  time  interval  required  to  reach  approximate  pressure  equilibrium,  a 
specific  internal  package  pressure,  or  gas  flow  rate  is  determined  by  the 
test  and  package  parameters  previously  discussed.  In  addition,  the  gas 
composition  and  flow  rates  at  outflow  conditions  will  be  proportional  to  the 
internal  package  partial  pressures  of  helium  gas  and  air. 

Finally,  considering  free-molecular  gas  outflow  from  the  package  where  the  ex¬ 
ternal  package  is  subjected  to  high  vacuum  conditions  as  is  the  case  during  the  leak 
rate  test  procedure: 

•  Viscous  or  diffusional  gas  flow’  may  exist  for  a  given  time  interval  until  the 
absolute  pressure  within  the  package  and  leak  hole  is  reduced  to  such  a  mag¬ 
nitude  that  for  a  given  hole  diameter  D,  D<  L  holds,  and  free-molecular  gas 
flow  exists  within  the  tube  or  hole.  During  viscous  or  diffusional  flow  the 
internal  package  pressure  and  gas  flow  rates  decrease  from  their  initial 
magnitudes  after  helium  pressure  bomb  and  package  transfer  at  t=0  with  time 
until  free-molecular  flow  exists.  The  times  required  to  reach  a  specific 
package  pressure  is  determined  by  the  test  and  package  parameters. 

•  Under  the  conditions  of  free-molecular  flow  i.e.  when  the  absolute  pressure 
is  such  that  D<L;  the  internal  package  pressure  and  gas  flow  rates  will  con¬ 
tinue  to  decrease  with  time  until  pressure  equilibrium  is  attained.  The  final 
package  pressure  is  determined  by  the  ultimate  pressure  of  the  vacuum 
system . 


•  During  both  viscous  or  diffusional  and  free-molecular  gas  outflow  from  the 
package,  the  outflowing  gas  will  contain  both  helium  and  air,  where  the  gas 
flow  rates  are  approximately  proportional  to  the  partial  pressure  of  the  gas 
within  the  package.  The  approximation  is  required  here  since  the  free- 
molecular  gas  flow  rate  is  directly  proportional  to  the  average  molecular 
velocity,  and  from  Figure  4,  it  is  seen  that  the  ratio  of  the  average  velocity 
of  helium  to  air  is  approximately  2.50. 

In  order  to  evaluate  the  effectiveness  of  the  helium  leak  test  system  as  a  relia¬ 
bility  screen  test,  it  is  necessary  to  determine  the  range  of  molecular  or  volume  leak 
rates,  which  are  dependent  on  the  package  and  test  parameters  as  well  as  the  equiva¬ 
lent  tube  or  hole  diameter,  that  are  within  the  detection  sensitivity  of  the  system. 

Figure  8  shows  the  results  of  computer  computations  indicating  the  time  required 
for  the  internal  package  pressure  to  attain  any  specific  value  and  the  approximate 
time  for  pressure  equalization  as  a  function  of  tube  diameter  when  the  integrated  cir¬ 
cuit  package  is  subjected  to  a  helium  bomb  pressure  of  45  psig.  It  is  apparent  that 
for  tube  diameters  greater  than  5  microns,  pressure  equalization  is  attained  in  less 
than  ten  minutes,  and  since  the  inflow  and  outflow  rates  are  approximately  equal, 
most  of  the  helium  forced  into  the  package  during  pressure  bombing  will  leak  out 
during  the  transfer  of  the  package  to  the  bell  jar  and  the  pumpdown  cycle  of  the  vac¬ 
uum  system  prior  to  the  leak  rate  measurement.  For  this  case,  depending  on  the 
hole  diameter,  the  measured  package  leak  rate  will  be  orders  of  magnitude  less  than 
the  true  leak  rate  and  thus  could  be  mistaken  for  a  hermetic  package.  It  is  evident 
that  a  gross  leak  test,  such  as  one  of  the  types  described  in  Section  III,  must  be 
conducted  in  conjunction  with  the  fine  leak  test  to  insure  package  hermeticity.  Cur¬ 
rently,  there  is  no  single  leak  test  capable  of  detecting  both  gross  package  leaks, 
i.c.,  dV/dt  >  10~5  std.  cc/lle/sec.,  and  fine  package  leaks,  i.e.,  10-9  <dV/dt< 

10“5  std.cc/He/sec. 

Further,  at  a  tube  diameter  of  0.5  microns,  the  bomb  time  required  to  attain  an 
internal  helium  partial  pressure  of  one  atmosphere  is  approximately  100  hours.  This 
pressure  bomb  time  is  excessive,  from  the  manufacture*  ’s  viewpoint,  when  the  user 
specifies  a  helium  leak  screen  test  on  thousands  of  individual  mats.  Thus  the  standard 
bomb  time  used  by  the  semiconductor  industry’  is  generally  four  (4)  hours  at  a  bomb 
pressure  of  45  psig  and  represents  a  tradeoff  between  detection  sensitivity’  and  testing 
time.  Therefore,  under  these  specified  test  conditions,  the  helium  leak  test  is 
optimized  to  detect  and  measure  with  reasonable  accuracy  the  necessary  range  of 
package  leak  rates.  The  current  maximum  integrated  circuit  package  leak  rate  spe- 
eif'eation  is  dV/dt <  5  x  10~7  std.cc/He/sec.  In  addition,  measured  leak  rates<  10-9 
std.cc/He/sec.  may  be  attributed  entirely  to  the  outgassing  of  adsorbed  helium  on  the 
external  package  surfaces.  The  nitrogen  gas  flush  test  procedure  reduces  this  ad¬ 
sorbed  helium;  however,  the  presence  of  greases  or  films  on  the  package  could  result 
in  significant  outgassing  of  adsorbed  helium  which  points  out  the  necessity  for  a  clean 
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external  package  surface.  It  is  readily  apparent  that  the  package  leak  rate  range  over 
which  the  helium  leak  test  system  is  most  sensitive  lies  in  the  10”®  -  10”®  std.  cc/He/ 
sec  range  which  corresponds  to  equivalent  hole  diameters  in  the  range  from  0. 5-5.0 
microns.  Secondly,  the  greater  the  ratio  of  the  partial  pressure  of  helium  to  air  within 
the  package,  the  more  accurate  the  measured  package  leak  rate  becomes.  This  is  due 
to  the  fact  that  the  helium  leak  detector  system  detects  only  helium  gas  flowing  out  of  the 
package,  and  since  the  leak  rate  is  defined  by  the  equivalent  hole  diameter  the  true  leak 
rate  is  the  summation  of  the  leak  rate  of  helium  and  air. 

Since  package  hermeticity  is  an  essential  requirement  for  assuring  the  reli¬ 
ability  of  integrated  circuits  and  there  is  no  single  hermetic  seal  test  capable  of 
detecting  and  measuring  package  leak  rates  over  the  required  range  (dV/dt  ^  10"9  cc/ 
sec. ),  both  a  line  and  a  gross  leak  test,  in  that  order,  must  be  conducted  to  assure 
package  hermeticity.  The  test  order  is  important  when  gross  leak  tests  using  liquid 
tracer  fluids  are  employed  since  minute  particle  contaminants  within  the  liquid  can 
seal  existing  leakage  paths  prior  to  fine  leak  testing.  However,  even  when  both  fine 
and  gross  leak  tests  are  performed,  a  nonhermetic  package  can  escape  detection.  In 
the  case  of  a  gross  leaker  where  the  volume  leak  rate  is  equal  to  or  greater  than  10“4 
std.cc/sec. ,  the  defective  seal  point  or  hole  can  be  temporarily  sealed  by  particles 
or  contaminants  in  the  test  solution  particular  to  the  type  of  gross  leak  test  utilized. 

In  addition,  there  exists  the  volume  leak  rate  range  from  approximately  10“6  to  10” 4 
std.  cc/sec. ,  where  both  the  fine  leak  tests,  including  the  Helium  and  Radiflo  test,  and 
the  gross  leak  tests  are  relatively  insensitive.  Within  the  above  leak  rate  range,  the 
equivalent  hole  diameters  are  relatively  large  and,  when  using  either  of  the  standard 
fine  leak  test  systems,  most  of  the  tracer  fluid  forced  into  the  package  during  the 
pressure  bomb  test  procedure  flows  out  of  the  package  before  the  leak  rate  measure¬ 
ment  is  performed,  resulting  in  a  measured  leak  rate  orders  of  magnitude  lower  than 
the  actual  leak  rate.  Further,  the  detection  sensitivity  of  the  standard  gross  leak  tests 
for  leak  rates  less  than  lO”4  std.cc/sec. ,  is  a  matter  of  speculation. 

The  measurement  of  package  hermeticity  utilizing  the  described  standard  fine 
and  gross  leak  tests  is  based  purely  on  the  detection  of  a  tracer  fluid  which  is  forced 
into  the  package  and  the  subsequent  detection  of  the  fluid  within  or  penetrating  the 
package.  It  is  readily  apparent  that  these  types  of  hermeticity  tests  measure  package 
integrity  with  no  direct  correlation  between  circuit  reliability  and  package  leak  rate. 

A  measured  package  leak  rate  exceeding  the  maximum  specified  value  may  be  the 
summation  of  the  leak  rates  of  a  large  number  of  smal1  holes  (defective  seal  points), 
or  a  single  large  hole.  In  the  former  case,  the  average  hole  diameter  can  be  small 
enough  such  that  no  appreciable  amount  of  water  vapor  or  moisture  can  penetrate  the 
defective  seals.  In  the  latter  case,  the  diameter  of  the  singular  hole  can  be  large 
enough  to  allow  the  penetration  of  a  sufficient  amount  of  moisture  to  cause  circuit  para¬ 
meter  degradation.  Thus,  the  concept  of  a  maximum  acceptable  leak  hole  diameter 
specification  has  inherently  more  physical  meaning  when  relating  package  hermeticity 
to  integrated  circuit  reliability. 
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4.  DETERMINATION  OF  EQUIVALENT  LEAK  HOLE  DIAMETER 

One  method  for  estimating  the  equivalent  hole  diameter  based  on  a  measured 
package  leak  rate  was  presented  by  Nielson  and  Weisberg.(14) 

Assuming  that  the  laws  of  viscous  flow  are  valid  under  helium  pressure  bomb 
test  conditions,  Poiseuille's  law  can  be  used  to  determine  the  final  concentration  of 
helium  gas  within  the  package  as  a  function  of  test  parameters,  package  properties, 
and  hole  diameter  as  follows: 


dN 

dt 


IT  D 


4  ( 


25677  k  T/ 


(2) 


Following  the  analysis  of  Neilson  and  Wcisberg,  integrating  this  first  order  differen¬ 
tial  equation  to  obtain  the  total  number  of  molecules  forced  into  the  package  in  time  t: 


9  9 

4  (P  "  -  P  ")  t 
TTD  '  1  2 

256rjk  T/ 


Solving  for  the  tube  diameter  in  terms  of  the  test  parameters  one  obtains: 

4  25677k  T^N9 

D  _ 

1T<  Pj  -  P2  )  t 


where  Pj  is  the  helium  bomb  pressure,  P2  is  the  initial  internal  package  pressure, 
t  is  the  pressure  bomb  time,  and  NT£  is  the  final  concentration  (number  of  molecules) 
of  helium  forced  into  the  oackage  in  time  t. 

During  outflow  under  vacuum  conditions  the  solution  of  the  free-molecular  flow 
equation  for  the  equivalent  hole  diameter  in  terms  of  the  measured  leak  rate  dN/dt, 
the  initial  concentration  of  helium  within  the  package  no,  and  package  properties 
gives: 


D 


dN/dt  (12/) 
7Va  <"2  -  nl> 


(G) 
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Since  N9  =  (n^  -  n^)  x  Volume  of  the  package,  the  two  expressions  for  the  tube  diam¬ 
eter  can  be  combined  and  solved  for  the  equivalent  leak  hole  diameter  which  results 


in  the  following  relation: 


D  = 


0072  7|k 


Vc  (dN/dt) 


IT 


VP1 


-  Po  >t 


1/7 


(14) 


(10) 


This  equation  is  obviously  valid  only  for  small  package  leak  rates  since  it  assumes 
that  during  helium  pressure  bomb  and  leak  rate  measurement  test  procedures  the 
magnitudes  of  dN/dt  and  P2  (n2)  at  both  inflow  and  outflow  conditions  are  independent 
of  time.  In  addition,  this  final  equation  for  estimating  the  equivalent  hole  diameter 
based  on  a  measured  package  leak  rate  assumes  that,  since  N2  was  considered  equal 
to  (n<>  -  iij)  x  Package  Volume,  the  free- molecular  gas  flow  law  is  valid  for  determin¬ 
ing  the  rate  of  outflow  of  helium  gas  at  relatively  high  pressures  (104  -  10^  dynes/ 
cm  -  or  0.  01  -  10  atmospheres)  which  may  introduce  a  significant  error  as  discussed 
in  Section  VII-2.  With  reference  to  the  curves  of  Figure  4,  it  is  apparent  that  for 
the  nominal  tube  diameters  ranging  from  0. 10  to  10  microns,  free- molecular  flow  will 
exist  when  the  pressure  is  approximately  equal  to  or  less  than  104  dynes/cm^.  Depend¬ 
ing  on  the  tube  diameter  and  pumping  speed  of  the  vacuum  system,  it  is  conceivable 
that  the  pressure  within  the  package  could  decrease  to  an  absolute  pressure  of  104 
dynes/cm2  during  the  pumpdown  cycle.  To  determine  the  error  in  the  calculated  value 
of  D  when  the  leak  rate  measurement  is  made  at  a  time  when  the  package  pressure 
differs  significantly  from  the  pressure  after  the  helium  pressure  bomb,  assume  a  con¬ 
dition  where  the  internal  package  pressure  after  helium  pressure  bomb  is  10^  dynes/ 
cm2.  It  is  clear  that  if  the  package  leak  rate  dN/dt  is  measured  at  time  t^  when  the 
internal  package  pressure  is  near  104  dynes/cm2,  the  ratio 


n2  _Vc 


(concentration  after  helium  pressure  bomb) 


nt  Nt 

-y—  (concentration  at  time  of  dN/dt  measurement) 
c 


=  10  where 


and  it  follows  that:  N  =  10'  n  x  Volume 

u  l 


Solving  for  the  diameter  D  using  this  equality  between  the  inflow  and  outflow  equa¬ 
tions  results  in  increasing  the  radieand  by  the  factor  of  10^.  Thus,  the  calculated 
value  of  D  assuming  (n9 


V 


-  N  /V  will  be  smaller  than  the  actual  value  by  a  factor  of 
2  c 
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'10“.  The  more  correct  value  of  D  will  then  be  D  calculated  multiplied  by  j  10  or 
more  generally: 


rj  I  P9  (pressure  after  helium  bomb) 
^actual  ^calculated  X  (pressure  at  dN/dt  measurement) 


Comparison  of  the  calculated  values  of  D  from  both  the  original  and  the  modified 
expression,  giving  the  more  accurate  value  for  D  using  standard  test  parameters  and 
package  properties,  indicates  that  the  equation  given  by  Neilson  and  Weisberg^)  gives 
order  of  magnitude  approximations  for  the  equivalent  hole  diameter  over  a  limited  range 
of  diameters.  The  accuracy  of  the  calculated  value  of  D,  when  the  pressure  at  which 
the  package  leak  rate  is  measured  is  unknown,  is  greatest  at  the  small  hole  diamet  'rs, 
and  significant  error  is  introduced  when  the  hole  diameter  exceeds  5  microns  for 
reasons  explained  previously. 

Another  consideration  is  the  fact  that  the  viscous  inflow  laws  are  only  approxi¬ 
mately  valid  if  the  equivalent  leak  h^le  is  the  effective  summation  of  several  smaller 
diameter  holes.  Further,  both  the  inflow  and  outflow  of  helium  gas  from  the  pack¬ 
age  can  result  from  the  diffusion  of  the  helium  through  the  glass  seals  or  ceramic 
material  depending  on  the  type  of  package.  If  this  condition  exists,  the  equations 
used  for  estimating  the  equivalent  leak  hole  diameter  will  not  accurately  describe 
the  type  of  gas  flow  existing  under  test  conditions. 
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SECTION  VIII 


CONCLUSIONS  AND  RECOMMENDATIONS 


The  review  and  analysis  of  the  classical  steady  flow  rate  equations  pointed  out  the 
important  flow  characteristics  and  the  restricting  conditions  under  which  steady  state 
viscous,  diffusional,  and  free -molecular  gas  flow  can  exist  in  a  cylindrical  tube.  These 
basic  equations  were  then  expanded  to  include  the  necessary  time  dependence  correc¬ 
tions  required  when  an  enclosed  volume,  i.e. ,  the  integrated  circuit  package,  is  im¬ 
posed  on  the  system. 

The  steady  state  molecular  and  volume  flow  rate  versus  tube  diameter  curves 
shown  in  Figures  5-7  allow  a  rapid  determination  of  dN/dt  and  dV/dt  magnitudes  for 
the  basic  types  of  helium  gas  flow  through  cylindrical  tubes  over  a  range  of  tube  dia¬ 
meters  and  inlet  and  outlet  pressures.  The  pressure  magnitudes  were  selected  to 
simulate  typical  internal  and  external  package  pressures  consistent  with  the  helium 
leak  test  system.  The  tube  length  used  was  the  average  glass -to -metal  seal  length 
of  several  integrated  circuit  metal  flat  packages.  These  curves  are  consistent  with 
the  results  obtained  using  the  Lund-Berman  general  gas  flow  rate  equation. 

Analysis  of  the  helium  leak  test  system  using  the  time  corrected  flow  equation 
shows  that  the  volume  leak  rate  range  over  which  the  helium  system  has  the  greatest 
detection  sensitivity  is  from  10 “9  to  10“6  std.  cc/He/sec.  In  addition,  the  detection 
sensitivity  of  the  standard  gross  leak  tests  decreases  significantly  for  package  leak 
rates  less  than  10~4  std.cc/sec.  Therefore,  it  is  evident  that  hermeticity  testing  of 
integrated  circuit  packages  must  include  both  a  fine  and  a  gross  leak  test.  However, 
non-hermetic  packages  can  still  escape  detection  due  to  the  lack  of  overlap  between 
the  fine  and  gross  leak  tests.  Both  tests  are  relatively  insensitive  for  detecting  non- 
hermetic  packages  with  volume  leak  rates  in  the  10"®  to  10"4  std.cc/sec.  range. 
Therefore  a  single  hermeticity  screen  test  capable  of  detecting  and  accurately  meas¬ 
uring  the  total  volume  leak  rate  range  of  dV/dt  >  10~®  std.cc/sec.  is  required. 

The  time  dependent  flow  rate  equations  developed  in  this  report  can  be  used  to 
estimate  gas  flow  rates  and  internal  package  pressures  as  a  function  of  time  under 
defined  hermeticity  test  parameters  and  actual  package  properties.  Secondly,  the 
helium  bomb  time  and  pressure  required  to  optimize  the  helium  leak  test  sensitivity 
over  a  desired  volume  leak  rate  range  can  be  determined.  At  a  helium  bomb  pressure 
of  45  psig,  the  hole  diameter  required  for  a  volume  leak  rate  of  5  x  10"^  std.  cc/He/sec. , 
the  standard  maximum  IC  package  leak  rate  specification,  is  approximately  0.  85  m 
(microns).  A  specified  minimum  helium  partial  pressure  within  the  package  of  one 
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atmosphere  after  pressure  bomb  requires  a  four-hour  helium  pressure  bomb  time. 

This  specified  minimum  internal  helium  pressure  and  the  helium  bomb  test  parameters 
of  45  psig  for  four  hours  represents  2  reasonable  engineering  tradeoff  between  leak 
deletion  sensitivity  and  test  time. 

The  detection  sensitivity  of  the  helium  system  can  be  increased  by  employing  a 
closed  system  with  a  two-port  pressure  chamber,  with  the  inlet  and  outlet  connected 
directly  to  the  high  pressure  helium  tank  and  leak  detector  respectively,  thereby  elimi¬ 
nating  package  transfer  and  minimizing  vacuum  pumpdown  time.  However,  it  is  felt 
that  the  slight  increase  in  detection  sensitivity  gained  increases  primarily  the  leak  rate 
measurement  accuracy  for  volume  leak  rates  within  the  range  of  the  maximum  sensi¬ 
tivity  of  the  system. 

The  evaluation  of  integrated  circuit  package  integrity  employing  the  standard 
hermetiiity  tests  discussed  is  obviously  not  based  on  an  established  correlation  be¬ 
tween  package  leak  rate  and  circuit  reliability.  Therefore,  studies  directed  toward 
determining  the  time  required  for  a  given  ppm  of  water  vapor,  which  is  sufficient 
to  degraGe  circuit  parameters,  to  penetrate  a  package  as  a  function  of  equivalent  hole 
diameter  and  external  ambient  relative  humidity  must  be  conducted. 

The  projected  high  usage  of  plastic  encapsulation  or  packaging  by  the  semicon¬ 
ductor  industry  will  accelerate  the  development  of  hermeticity  tests  based  entirely  01. 
device  reliability,  since  the  package  volume  here  is  the  volume  of  plastic  encapsu- 
lant  surrounding  the  device.  The  ultimate  reliability  of  integrated  circuits  can  be 
achieved  only  when  the  design  of  reliability  accelerated  stress  tests  and  screen  tests 
are  based  on  the  physical  mechanisms  which  contribute  to  circuit  parameter  degra¬ 
dation. 


APPENDIX 


DERIVATION  OF  THE  CLASSICAL  EQUATIONS  DESCRIBING  FLUID 
FLOW  THROUGH  LONG  CYLINDRICAL  TUBES  APPLICABLE 
IN  THE  DETERMINATION  OF  INTEGRATED  CIRCUIT 
PACKAGE  LEAK  RATES 

1.  POISEUILLE'S  LAWS  OF  VISCOUS  FLUID  FLOW  FOR  LIQUIDS  AND  GASES 

When  an  incompressible  fluid,  e,  g. ,  a  liquid,  flows  under  steady  state  conditions 
through  a  closed  tube,  both  the  mass  and  the  volume  passing  any  given  point  within  the 
tube  per  unit  time  are  constant.  However,  with  a  compressible  fluid,  e.g. ,  a  gas, 
the  mass  per  unit  time  is  still  constant  (continuity  of  mass  flow  under  steady  state 
conditions  requires  that  no  accumulation  or  diminution  of  fluid  occurs),  but  the  effects 
of  pressure  and  temperature  on  the  volume  cause  a  variation  in  the  volume  flow  rate 
at  points  within  the  tube.  The  derivations  used  here  for  viscous  flow  rates  of  both 
incompressible  and  compressible  fluids  follow  that  given  by  Kennard.  In  the  fol¬ 
lowing  fluid  flow  derivations  the  high  pressure  tube  end  and  the  low  pressure  tube  end 
will  be  designated  P^  and  P2  respectively. 

Consider  a  liquid  flowing  in  a  cylindrical  tube  of  length-?  and  radius  a  due  to  a 
pressure  differential  Ap  between  the  inlet  and  outlet  end  of  the  tube  as  shown  in  Figure 
A-l.  It  will  be  assumed  that  the  flow  is  steady  and  everywhere  parallel  to  the  axis  of 
the  tube,  p  is  a  function  of  x  only,  v  is  a  function  of  r  only,  and  that  the  liquid  in  con¬ 
tact  with  the  tube  wall  has  zero  velocity  (i.  e. ,  no  slip  occurs).  The  preceding  condi¬ 
tions  imply  laminar  flow  of  the  liquid.  Since  the  fluid  is  incompressible,  the  pressure 
is  uniformly  distriouted  throughout  the  length  of  the  tube.T,  and  the  pressure  gradient 
dp/d>?is  constant. 

Further,  consider  a  fluid  inside  an  inner  cylinder  within  the  cylindrical  tube  with 
length  dx  and  radius  r. 

For  a  steady  flow  of  fluid  due  to  the  pressure  differential  to  exist  in  the  axial 
direction,  the  net  force  due  to  the  pressure  differential  at  opposite  ends  of  the  elemental 
length  dx  must  equal  the  viscous  force  or  drag  exerted  by  adjacent  fluid  cylinders  on 
each  other.  Thus,  the  following  condition  must  be  met  for  steady  flow  to  exist: 

£F^  (due  to  pressure  differential)  =  Fy  (due  to  viscous  drag)  (A-I) 

Since  pressure  equals  force  per  unit  area, 

£Fx  =  PA  -  P2A  =  AAP  (A-la) 
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Figure  A-l.  Force  Diagram  for  Fluid  Flow  Through  a  Cylindrical  Tube  Due 

to  a  Pressure  Differential 
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1116  viscous  or  frictional  force  Fy,  resisting  the  relative  motion  of  any  two  adja¬ 
cent  fluid  layers,  is  proportional  to  S,  the  area  of  the  interface,  and  to  dv/dr,  the 
velocity  gradient  between  thorn.  This  is  illustrated  in  Figure  A-2.  Expressed  mathe¬ 
matically: 


F  ~ 
v 


or 


where  dv/dr  is  negative  and  the  constant  of  proportionality 


(A- lb) 


Figure  A-2.  Diagram  Illustrating  the  Frictional  Force  Resisting  the  Relative 
Motion  of  Two  Adjacent  Layers  of  a  Viscous  Fluid 
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ir 


where  l)is  the  coefficient  of  viscosity  and  is  characteristic  of  the  fluid. 
Then,  equating  forces : 


irr2  dp  =  ~n  2nr  dx  ^ 
'  dr 


dp  . 


Since  dx  iS  constant  over  the  tube  length/ 


dp 

dx 


Rewriting  equation  A- 2: 


-  dv  = 


2t, 


rd  r 


(A- 2) 


(A-2a) 


(A-2b) 


Integrating,  assuming  no  slip  at  the  tube  wall  such  that  at  r  =  a,  v  =  o 


rdr 


v 


K  -  P2> 

4t7^ 


(A -3) 


Tc  jbtain  the  total  volume  V  or  liquid  flow  through  the  tube  per  unit  time: 


dV 

dt 


v27rrdr 


(A -4) 
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Substituting  the  expression  for  v: 


d V 
dt 


-2ir 


^1  "  P2} 
4  7}f 


dV 

dt 


•2tr 


-  >V 

4  7)4 


o 


o 


2  2 

(a  -  r“)  rdr 


9 

(a“r 


3 

-  r  )  dr 


Integration  of  the  above  expression  yields: 


dV  2tT(Pl  ~  P2} 
dt  "  4  TjJ 


dV 

dt 


<**1 


(A-4a) 


(A -5) 


Thus,  assuming  no  slip  at  the  tube  wall,  equation  A-5  represents  Poiseuillo's 
equation  for  the  volume  flow  rate  of  an  incompressible  fluid  where  the  volume  flow  rate 
is  constant  throughout  the  tube  length. 


Consider  now  the  flow  of  a  compressible  fluid,  a  gas,  where  the  pressure  gradient 
-^7-  along  the  tube  is  not  a  constant.  Using  equation  (A-2): 


o 

?7r“dp  =  -  rdx 


dv 

dr 


(A-2) 


Again  assuming  no  slip  at  the  tube  wall  such  that  at  v  =  o,  r  =  a,  rearranging  and 
integrating: 
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The  above  equation  expresses  the  velocity  of  gas  flow  in  the  tube  as  a  function  of 
the  pressure  gradient  at  a  specific  plane  and  the  radial  distance  r  from  the  tube  axis. 


Since  the  mass  of  the  gas  flowing  through  any  cross  sectional  area  of  the  tube  per 
unit  time  must  be  a  constant,  the  mass  flow  rate  can  be  determined  as  follows: 


dV  . ,  ..  v  dM 

dt  x  o  (density)  =  -jt 


(A-6a) 


J  2irrvdr  =  total  volume  flowing  through  a  cross  sectional  area  (A-6b) 
o  of  the  cylindrical  tube 

Multiplying  the  volume  flow  rate  by  the  density  of  the  fluid  at  a  specific  plane 
within  the  tube,  we  obtain  the  total  mass  flow  through  that  plane  per  unit  time: 


i 

dM  f 

“d r=p  J 


2n r vd  r 


(A-6c) 


Now,  p  =  pM/RT  where  p  is  pressure,  M  is  the  molecular  mass,  R  is  the  gas 
corstant,  and  T  the  absolute  temperature  in  an  ideal  gas. 

Thus,  the  density  of  the  gas  at  any  plane  within  the  tube  is  a  function  of  the  pres¬ 
sure  at  that  plane.  Note  here  that  for  an  incompressible  fluid  the  density  is  not  a 
function  of  pressure. 


Substituting  for  p  and  v  and  integrating: 


dM  _  2  ff  pM  dp  f  .  2 

dt  "4tj  RT  dx  J 


r2)  rdr 


(A-6d) 


[  2  2  4  *1‘ 
a  r  r 

2  “  4  J 


dM  _  n  a  pM  dp 
dt  877  RT  dx 


(A-6e) 
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Integrating  over  the  tube  length  !  and  the  pressure  p  where  p  and  p  are  the  pres¬ 
sures  at  opposite  ends  of  the  cylindrical  tube,  we  can  obtain  the  total  mass  flow  per 
unit  time  at  any  plane  of  the  tube : 


(A-6f) 


(A-6g) 


Now  the  volume  flow  rate  at  a  cross  sectional  plane  within  the  tube  can  be  deter¬ 
mined  by  dividing  the  last  equation  by  the  density  of  the  fluid  at  that  plane  which,  in 
turn,  is  a  function  of  the  pressure  pQ  at  that  plane. 

Thus: 


dV 

dt 


dM  .  ir  a^ 
dt  “  p  ' 


(A-6h) 


Here,  pQ  is  the  pressure  at  which  the  volume  flow  rate  is  measured. 

Again,  where  there  is  no  slip  at  the  wall  of  the  tube,  the  volume  flow  rate  at  pres¬ 
sure  po  is  expressed  by  the  following: 


dV 

dt 


4 


IT  a 


(A-7) 


The  basic  equations  for  the  volume  flow  rate  of  an  incompressible  and  a  compressible 
fluid  in  terms  of  the  tube  diame'-  r  D,  where ^  =  a,  can  be  expressed  as  follows: 


dV 

dt 


ir  D  . 
12877/  ^ 


p  )  where  D  >  >  L  (Incompressible  Fluid) 


dV  _  trD4  2 

dt  256^/pQ 


2 

2 


where  D  >  >  L  (Compressible  Fluid) 


(A-8) 


(A-9) 
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The  equation  for  the  volume  flow  rate  of  a  compressible  fluid  (i.  e. ,  a  gas)  can  be 
expressed  in  terms  of  the  molecular  flow  rate  as  follows : 

pV  =  nRTorp  V  =  nR  T 
o 


Now,  k  (Boltzmann’s  Constant)  =  -5-  constant) 


N  (Avogadro's  Number) 


Therefore,  R  =  kN  and  pQ  V  =  n  R  T  =  (n  N  )kT 

v  a  (nN°)  k  T 


Rewriting,  we  have: 

dV  _  rr  D4  .  2  2 

dt  256?7i,po  ^1  "  P2  } 

dV  =  _d  (nN°)  k  T  _  ffD4  2  2 

dt  dt  pQ  25 6r)fpo  ^1  "  P2  ’ 


dN 

dt 


4  2  2 

ffD  (Px  -  P2  ) 

20677  k  Ti7 


where  N  =  nN°  =  number  of  molecules  and  D  >  >  L. 


(A- 10) 


2.  DIFFUSIONAL  FLOW  LAWS  OF  A  GAS 

Consider  the  molecular  flow  by  diffusion  through  a  circular  tube  due  to  a  concen¬ 
tration  gradient,  dn/dx.  In  this  case  a  uniform  temperature  and  pressure  throughout 
the  tube  must  be  assumed  since  both  a  temperature  gradient,  dT/dx,  and  3  pressure 
gradient,  dp/dx,  will  result  in  gas  flow  through  the  tube.  It  is  assumed  then  that, 

~  P2,  the  temperature  is  uniform,  D  >  L,  and  a  concentration  gradient  dn/dx 
exists  along  the  tube. 

The  fundamental  diffusion  equation  (Fick’s  first  diffusion  law)  is  expressed  as 
follows: 


dN 

dt 


Adn  dN 

— ; —  or  -J—  = 
dx  dt 


-AD* 


dn 

dx 


(18) 


(A-li) 
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3jt  «« 


igurc  A-3.  Diagram  Used  in  Deriving  the  Diffusional  Gas  Flow  Law  'ITirough  a 
Cylindrical  Tube  Due  to  a  Concentration  Gradient 


I 


where  dN/dt  is  the  number  of  molecules  per  second  passing  a  given  plane  of  cross- 
sectional  area  A,  D*  is  the  diffusion  coefficient,  or  coefficient  of  self-diffusion  and 
dn/dx  is  the  concentration  gradient  along  the  tube. 

It  is  further  assumed  that  ihe  tube  cross-sectional  area  is  circular  with  diameter 
D,  and  that  the  concentration  gradient,  dn/dx,  is  uniform  throughout  the  tube.  Thus, 
substituting  expressions  for  the  cross-sectional  area  and  concentration  gradient  the 
above  equation  becomes : 


D*ffD2  (ni  ~  V 


(A- 11a) 


In  general,  the  magnitude  of  D*,  which  is  a  function  of  the  molecular  velocity 
and  mean  free  path,  is  determined  by  the  particular  gas  under  consideration  and  can 
be  derived  using  the  Kinetic  Theory  of  Gase;..  The  circular  tube  geometrical  dimen¬ 
sions,  D  (diameter)  andi  (tube  length),  and  the  molecular  concentrations  nj  and  n2 
at  opposite  ends  of  the  tube  can  be  assigned  representative  numerical  values  for 
molecular  flow  rate  analysis.  The  complete  derk  alion  of  the  coefficient  of  self¬ 
diffusion  is  given  by  Sears,  (19)  and  is  expressed  as  follows: 


D*  *  ~  v  L 
3  a 


(A-llb) 


where  D*  is  the  coefficient  of  self-diffusion, 

v  is  the  molecular  average  velocity  and, 
a 

L  is  the  mean  free  path  at  the  pressure  within  the  tube. 

The  total  number  of  molecules  flowing  past  any  c  cular  plane  within  the  tube  per 
unit  time  is : 


S£  -  .D»A*U  „D,  JLE?  ^  '■ 

dt  dx  4  je 


(A-llc) 


Substituting  for  D*  (diffusion  coefficient) 


„D  vL 


<nl  -  »2> 


where  D  >  L  and  P  =  Pn 

1  *0 


(A- 12) 


and 


(A-12a) 


dV 

dt 


,D\L<V  P2> 

12/p 

o 


where  D  >L 

Since  the  molecular  concentrations  n^  and  n 2  at  opposite  ends  of  the  tube  have 
different  magnitudes,  diffusional  gas  flow  can  be  interpreted  as  a  flow  resulting  from 
the  partial  pressure  gradient  created  within  the  tube. 

It  should  be  noted  here  that  if  a  pressure  gradient  exists  along  the  tube  length, 
the  total  molecular  flow  rate  will  be  the  sum  of  the  viscous  and  the  diffusional  flow 
rates.  In  general,  however,  the  viscous  flow  rate  will  exceed  the  diffusional  flow 
rate  only  when  D  > >L.  Thus,  as  D  approaches  the  magnitude  of  L,  the  diffusional 
flow  rate  will  predominate. 

3.  FREE-MOLECULAR  FLOW  LAWS  OF  A  GAS 


The  preceding  molecular  flow  rate  derivation  assumed  D  >  L,  a  condition  under 
which  intermolecular  collisions  occur.  Now,  if  D  <L,  the  collision  of  molecules  with 
the  walls  of  the  tube  rather  than  intermolecular  collisions  will  predominate  and  deter¬ 
mine  the  molecular  flow  rate.  A  uniform  temperature  throughout  the  tube  must  again 
be  assumed.  Hie  appropriate  molecular  flow  rate  when  D  <  L  is  derived  by  Kennard(17) 
using  the  kinetic  theory  of  gases  and  is  given  by  the  following  equation: 


dN 

dt 


*D3  va  (nx  -  n2) 

12  j? 


(A-13) 


where: 


D  <  L 
D  <  <  / 


— 

n  dx 


<<1 


The  following  derivation  for  the  free- molecular  flow  r3te  of  a  gas  through  a  cylin¬ 
drical  tube  of  diameter  D  and  length  1  differs  from  that  given  by  Kennard(l7)  in  that  the 

molecular  flow  rate  —■  at  any  point  in  the  cross-sectional  area  of  the  circular  tube  is 
derived.  The  total  flow  rate  at  any  plane  in  the  circular  tube  can  then  be  determined 
by  integration  over  the  cross-sectional  area.  Kennard's  flow  equation  is  in  a  more 
general  form,  where  the  cross-sectional  area  can  assume  various  geometrical  shapes. 


Figure  A-4  shows  a  circular  tube  of  radius  a  :md  length  9.  It  is  assumed  that  the 
tube  walls  are  perfectly  diffusing  surfaces,  the  temperature  is  uniform,  and  that  a 
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constant  pressure  differential,  (P  -  P  )  between  the  two  opposite  ends  of  the  tube  is 

*  "  ^ 

maintained  such  that  a  concentration  gradient,  -r—  exists  along  the  tube  length. 

ax 

Consider  an  elemental  area  ds,  a  distance  z  from  the  tube  axis  and  lying  in  the 
cross-sectional  plane  designated  P.  The  molecules  flowing  through  ds  come  from  all 
points  on  the  interior  wall  surfaces  and  since  perfectly  diffusing  surfaces  are  assumed, 
the  total  number  of  molecules  flowing  toward  ds  from  an  elemental  surface  area  ds'  is 


dN  = 


n'Vads'dt  ds'  cos  6  ' 


(A-13a) 


where 


dw  = 


ds  cos  0 


From  Figure  A-4  the  following  relations  are  apparent: 


2  2  2 
r  =  x  +  s 


cos  6  = 


A,  r2  +  a2  -  (x2  +  z2)  ) 

COse  - - 2H - L 

2  2  2  „  .1 
s  =  a  +  z  -  2az  cos  ip  / 

2  2  2  2  „ 
r  =  x  +  a  +  z  -  2az  cos  ip 


(Cosine  Law) 


ds'  =  ad0dx 

Substituting  for  cos 0,  cos 0*,  ds': 


dN  = 


n'v  dsdt  ,  .  .  2  2  2  2X 

a  (x)  (r  +  a  -  x  -  z  ) 

2  r  2ra 


ad^dx 


The  concentration  n'  at  any  plane  p',  where  the  restriction  of  small  concentration 
gradients  is  imposed,  can  be  expressed  as: 


n1  =  n  +  x 


dn 
+  x  , 
o  dx 
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Substituting  for  n'  gives: 
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where 


2  2  2 

C  =  a  +  z  -  2az  cos  0 


Then: 


dN 


v  dSdt  a  dn 
a 


4  it  dx 


2  IT 

f  (a  -  z  cos  ^>2c'd^ 
o 


dN 


v  dSdtadn 
a 


8  dx 


(a  -  z  cos  &)  d& 

~2  2  “  ~172 
(a  +  z  -  2az  cos  y) 


(A-13f) 


Integration  with  respect  to  d#  to  obtain  the  general  expressions  for  the  total  number 
of  molecules  flowing  through  dS  in  time  dt  as  a  function  of  z,  the  radial  distance  from 
the  tube  axis,  requires  a  numerical  integration.  However,  the  integral  is  directly 
solvable  at  two  values  of  z,  namely  z  =  0  and  z  =  a. 

At  z  =  0 


At  z  =  a 


dN  = 


v  dSdtadn 
a _ 

8  dx 


277 

/ 


d^  = 


v  ffdSdt  adn 
a _ 

4  dx 


dN 


v  dSdt  adn 
a _ 

8  dx 


277 


f  V- 


cos  t  dv 


v  rdSdt adn 

a _ 

277  dx 


Ibis  flow  integral  was  evaluated  at  several  values  of  z  by  numerical  integration, 
using  the  following  integral  form: 


F.L 


2|7 


/ 


(a  -  z  cos  C)  d^ 

,2  2  ,.1/2 

(a  +  z  -  2a z  cos 


(1  -  x  cos  V)  dft 

2  7/2 

-  x  -  2  x  cos  ii)' 


(A-13g) 


where  z  =  x  a 
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FiOW  XMTEOJPAL  value 


'Hie  results  of  computer  calculations  is  shown  in  the  Figure  A-5  and  gives  the 
value  of  the  flow  integral  from  x  =  0  to  x  =  1  corresponding  to  z  -  0  and  z  ---  a 
respectively. 


Figure  A-5.  Graph  of  Flow  Integral  Versus  x 
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The  expression  for  dN/dt,  through  an  elemental  area  dS  at  a  point  z,  a  radial 
distance  xa  from  the  axis,  using  the  parabolic  approximation  function  then  becomes: 


dN 

dt 


v  adn  dS 
a _ 

8  dx 


2.  92  —r+  0.64— +  6.28 
2  a 

a 


Integration  over  the  circular  cross-sectional  area  where  dS  =  zd0dz 


dN 

dt 


v  adn 
a 


8  dx 


dzd^j 


2  3 

dN  va  (adn)  2 ir  (2. 62  a  )  nv^  a  dn 
"dt  8dx  =  1.525  dx 


(A-13h) 


(A-13i) 


(A-13j) 


In  terms  of  the  tube  diameter  D  and  tube  length  $  the  flow  rate  becomes: 

dN  Tva  p3  <-i  -  V 
dt  '  12.2} 


where 


D  <  L 
D«/ 


L 

n 


dn 


dV  .  ”va  d3  <Pl  -  p2> 

dt  12.2/  P  (A- 14) 

o 

The  equations  derived  in  this  section  are  valid  after  steady  state,  flow  exists 
within  the  tube.  Entrance  and  exit  conditions  were  considered  negligible.  The  gas 
flow  equations  derived,  including  limiting  conditions,  are  summarized  for  reference 
in  the  following  subsection. 

These  equations  are  valid  when  considering  small  package  leak  rates  where  the 
change  in  the  internal  package  pressure  during  both  the  inflow  (helium  pressure  bomb) 
and  outflow  (leak  rate  measurement)  test  procedures  can  be  considered  negligible. 
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4.  SUMMARY  OF  EQUATIONS  CHARACTERIZING  FLUID  FLOW  THROUGH  A 
CIRCULAR  TUBE  INCLUDING  DEFINITION  OF  TERMS 


Equation 


Equation  Limiting 

Referenced  Conditions 


RHseuille’s  Law  for  Flow 
of  an  incompressible  dV 

fluid,  i„  e. ,  a  liquid  dt 


*D  <PX  -  P2> 

•  12877  f 


(A- 8) 


D  »  L 


Foiseuille's  Law  for  Flow  4  2  p  2 

of  a  compressible  fluid,  dV  _  n  '  1  2 

i.  e, ,  a  gas  dt  25677/P 


(A-9) 


D  »  L 


Diffusional  Flow  of  a 
gas  due  to  a  concen¬ 
tration  gradient  (Large 
diameter  tube  equation) 


dN  ”D4  <P12  -  P22>  (2) 

dt  256rjkT/ 

dN.’^WV  <4> 

dt  12  f 

dV  ”D?Lv,(PrP?)  (3) 


(A- 10) 


(A- 12) 


(A-I2a) 


D  »  L 


D  >  L 

P  ~  P 
1  2 


D  >  L 


12JPP 


Free- molecular  Flow  ot 
a  gas  due  to  a  concen¬ 
tration  gradient  or 
pressure  gradient  (Small 
diameter  tube  equation) 


„d  va  (ni  -  n2) 


"D  WP2> 


12J?  P 


(A- 13) 


(A-14) 


D  <  L 
D  «/ 

l.dn«i 

n  dx 
D  <  L 
D  «/ 

L  dn  , 

- -r-« 1 

n  dx 


DEFINITION  OF  TERMS 


dV/dt  =  flow  rate  through  circular  tube  in  terms  of  volume  (cc)  of  liquid  or 
gas  flowing  per  unit  time 

dN/dt  =  gas  flow  rate  through  circular  tube  in  terms  of  the  number  of  mole¬ 
cules  flowing  per  unit  time 
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D 

/ 

n 

k 

T 

L 

va 

N° 

D* 

R 


pr  p2 

nl'  "2 


dP/dx 

dn/dx 


=  diameter  of  circular  tube  in  centimeters 

=  length  of  circular  tube  in  centimeters 

-  viscosity  of  fluid  in  poise  (gm/sec.cm) 

=  Boltzmann's  Constant  in  ergs  °K-1 

=  absolute  temperature  (Degree  Kelvin) 

=  mean  freepath  of  molecules  in  centimeters 

=  average  velocity  of  molecules  in  cm/sec. 

=  Avogadro's  number  (molecules  mol  1) 

2 

=  Coefficient  of  self-diffusion  (cm  /sec) 

=  Universal  gas  constant  In  ergs  °K_1  mol"1 

=  Average  pressure  or  pleasure  at  which  dV/dt  is  measured 
in  dynes/cm2 

=  pressures  at  opposite  ends  of  circular  tube  in  dynes/cm2 

=  concentration  of  the  gas  molecules  under  consideration  at  opposite 
ends  of  the  tube  in  terms  of  the  number  of  molecules  per  unit 
volume  (molecules/cc) 

o 

=  pressure  gradient  along  tube  in  terms  of  force  per  unit  area  (dynes/cm  ) 
per  unit  length, 

=  concentration  gradient  along  tube  in  terms  of  molecules  per  unit 
volume  (molecules/cc)  per  unit  length. 


5.  ANALYSIS  OF  THE  CLASSICAL  STEADY  STATE  GAS  FLOW  EQUATIONS 

The  classical  steady  state  equations  describing  the  various  types  of  gas  flow 
through  cylindrical  tubes  point  out  the  nature  of  the  flow  and  the  restricting  conditions 
required  for  each  type  of  flow  to  exist  (viscous,  diffusional,  and  free- molecular). 

The  variation  in  the  gas  flow  rate  through  a  given  cross-sectional  plane  within  the 
tube,  the  variation  of  the  flow  rate  at  points  within  any  specified  tube  plane,  and  the 
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I  molecular  dN/dt  and  volume  dV/dt  flow  rates  as  a  function  of  the  type  of  gas, 

;  hermeticity  test  parameters  and  package  properties  are  also  indicated.  It  is  readily 

j  apparent  that  for  steady  state  viscous  gas  flow: 

•  D  »  L  for  viscous  flow  to  exist  within  the  tube. 

•  The  magnitude  of  dN/dt  and  dV/dt  is  directly  proportional  to  the  fourth  power 
of  the  tube  diameter  and  the  difference  between  the  inlet  and  the  outlet  pres¬ 
sure  squared. 

•  The  molecular  flow  rate  dN/dt  is  equal  and  constant  at  all  planes  within  the 
tube. 

•  The  volume  flow  rate  dV/dt  at  any  plane  within  the  tube  is  constant  with  time 
but  since  dV/dt  is  a  function  of  the  pressure  at  a  specific  plane,  dV/dt  varies 

.  along  the  tube  length. 

i 

'  •  The  pressure  gradient  dP/dx  along  the  tube  varies  linearly. 

j  •  The  molecular  flow  is  a  maximum  at  the  center  of  the  tube  and  decreases  to 

zero  at  the  wall. 

In  the  case  of  steady  state  pure  diffusional  gas  flow: 

•  D  >  L  for  diffusional  flow  to  exist. 

•  The  magnitude  of  dN/dt  and  dV/dt  is  directly  proportional  to  the  square  of 
the  tube  diameter,  the  mean  free  path  of  the  gas  molecules,  and  the  pressure 
differential. 

•  The  molecular  flow  rate  dN/dt  is  equal  and  constant  at  all  planes  within  the 
tube. 

•  The  volume  flow  rate  dV/dt  at  any  plane  within  the  tube  is  constant  with  time 
and  is  a  function  of  the  pressure  at  that  plane  as  in  the  case  of  viscous  flow. 

•  The  pressure  gradient  dP/dx  and  concentration  gradient  dn/dx  along  the  tube 
is  constant. 

•  The  molecular  flow  is  uniform  at  all  points  within  any  plane  of  the  tube. 
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Lastly,  for  steady  state  free-molecular  flow: 

•  D  <  L  for  free- molecular  gas  flow  to  exist. 

•  The  magnitude  of  dN/dt  and  dV/dt  is  directly  proportional  to  (a),  the  third 
power  of  the  tube  diameter  and,  (b)  the  pressure  differential. 

•  The  molecular  flow  rate  dN/dt  is  equal  and  constant  at  all  planes  within  the 
tube. 

•  The  volume  flow  rate  dV/dt  at  any  plane  within  the  tube  is  constant  or  time 
independent.  However,  the  flow  rate  at  a  specific  plane  is  a  function  of  the 
pressure  at  that  plane,  thus  the  volume  flow  rate  varies  along  the  tube  length. 

•  The  pressure  gradient  dP/dx  and  concentration  gradient  dn/dt  along  the  tube 
is  constant. 

•  The  molecular  flow  is  a  maximum  at  the  center  of  the  tube  and  decreases  by  a 
factor  of  approximately  2. 50  from  its  value  at  the  center  at  the  tube  wall. 

The  intent  of  the  above  analysis  is  to  delineate  the  basic  dependences,  limiting 
conditions,  and  distinct  differences  in  the  three  types  of  gas  flow  considered,  some  of 
which  are  not  readily  apparent  by  inspection  of  the  final  equations. 
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ii  abstract  current  integrated  circuit  packaging  techniques,  a  compilation  of  applies 
hie  package  hemeticity  testing  techniques,  and  the  required  theoretical  fluid 
flow  background  necessary  to  evaluate  integrated  circuit  package  integrity,  are 
presented.  The  basic  tyres  of  integrated  circuit  packages  are  described  with  the 
emphasis  placed  on  defects  in  package  construction  and  hermetic  sealing  techniques 
which  can  Influence  package  integrity.  A  g.eneral  description  of  standard  heraetici 
tests  is  given,  and  their  inherent  limitations,  when  used  in  determining  integrated 
circuit  package  leak  rates,  are  discussed.  The  helium  leak  detection  system  and 
test  procedures  for  package  leak  rate  measurements  (dV/dt-std.cc/He/sec.)  are 
described.  A  comnlete  review  and  analysis  of  the  classical  steady  state  helium  gas 
flow  rate  equations  are  given,  ""he  time  dependence  corrections  to  the  classical 
flow  laws,  required  when  an  enclosed  volume  (e.g.  and  IC  flat  pack)  is  imposed  on 
the  system  are  derived  and  applied  to  the  helium  leak  detection  technique.  The 
analysis  includes  a  detailed  determination  of  equivalent  hole  diameters  based  on 
the  measured  package  leak  rate.  The  Importance  of  obtaining  a  hermetically  sealed 
package  with  reference  to  integrated  circuit  reliability  is  then  discussed. 

In  the  classical  steady  state  gas  flow  analysis,  the  derivation  of  the  free- 
molecular  flow  rate  law  is  noteworthy.  The  specific  approach  taken  in  deriving  thi 
gas  flow  rate  law  allows  a  determination  of  the  variation  in  the  molecular  flow 
rate  mangitude  at  points  within  a  cross-sectional  plane  of  a  cylindrical  tube.  This 
variation  in  molecular  flow  rate  has  been  implied  in  the  literature;  however,  the 
functional  dependence  of  d"/dt  on  the  radii  distance  from  the  tube  axis  has  not 
previously  been  explicity  determined.  ' 
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